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SUMMARY 


The  three  main  air-blast  damage  mechanisms  are:  1)  the  direct  or  primary 
effect,  caused  by  the  blast  wave  impacting  and  compressing  the  body;  2)  sec¬ 
ondary  effects,  produced  by  flying  debris  striking  the  individual;  and  3) 
tertiary  effects,  produced  when  a  person  is  hurled  by  the  blast  winds  into 
solid  objects.  The  unique  characteristic  of  direct  effects  is  damage  to 
internal  organs  only.  This  damage  is  usually  combined  with  burns  or  other 
trauma,  but  this  report  deals  only  with  direct  effects  of  blast. 

Blast  injury  was  first  described  in  the  late  seventeen  hundreds  in  con¬ 
nection  with  victims  of  mine  explosions.  There  were  accounts  of  soldiers 
killed  in  battle  without  any  external  signs  of  injury  (detonation  deaths) 
during  the  Balkan  War  and  World  War  I.  The  cause  of  death  and  the  nature  of 
the  injuries  were  unknown,  although  there  was  much  speculation,  especially 
about  blast  affecting  the  nervous  system. 

It  was  not  until  research  was  conducted  during  WW  II  in  the  United  King¬ 
dom  and  Germany  that  the  nature  of  blast  Injuries,  the  pathophysiology,  cause 
of  death,  and  the  damage  mechanisms  in  terms  of  the  physical  components  of  the 
blast  wave  were  clearly  explained.  The  German  investigators  discovered  that 
the  cause  of  death  was  air  emboli  in  the  coronary  and  cerebral  arteries.  They 
provided  evidence  to  support  the  view  that  these  air  emboli  enter  the  circula¬ 
tion  from  the  disrupted  alveoli  in  the  lung.  Another  impo.tant  discovery  by 
the  German  researchers  was  the  duration  effect--as  the  duration  of  the  blast 
waves  increases,  the  peak  overpressure  required  for  mortality  in  dogs  de¬ 
creases  from  approximately  200  ps 1  for  durations  of  about  2  ms  to  near  80  psi 
for  a  duration  of  12  ms. 

Schardin,  a  German  researcher,  proposed  three  damage  mechanisms:  spalla¬ 
tion,  implosion  and  inertia.  Spallation  occurs  when  a  shock  front  passes  from 
a  dense  medium  into  a  less  dense  medium  and  destroys  the  denser  material  at 
the  Interface;  implosion  occurs  when  gas  bubbles  In  a  fluid  media  are  com¬ 
pressed  by  a  shock  wave  Into  much  smaller  volumes  with  Increased  pressure 
which  generate  shock  waves  upon  re-expansion.  Inertia  becomes  a  factor  when  a 
shock  front,  strikes  two  objects  of  equal  volume  and  shape  but  of  different 
mass,  and  accelerates  the  less  dense  one  more  than  the  more  dense  one. 
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Study  of  blast  victims  of  the  wars  on  Israel  and  from  terrorists*  bomb¬ 
ings  has  improved  our  understanding  of  direct  blast  injuries,  which  has  led  to 
progress  in  their  detection,  management  and  treatment.  Previously,  few  in  the 
medical  field  were  familiar  with  blast  injuries  and  their  treatment. 

With  the  advent  of  nuclear  weapons  there  was  a  renewed  Interest  in  blast 
research.  Laboratories  in  the  United  States,  England,  France,  Germany,  Sweden 
and  China  have  conducted  research  to  define  the  blast  injuries  and  their 
treatment.  Evaluating  the  effects  of  repeated  muzzle  blasts,  developing 
protective  clothing,  and  analyzing  the  risk  from  blast  waves  within  enclosures 
were  other  areas  of  research  common  to  these  countries.  Mathematical  models 
were  developed  in  most  of  these  areas. 

The  nature  of  direct  blast  injuries  is  essentially  hemorrhagic  due  to 
tissue  disruption.  The  three  organ  systems  most  damaged  are  the  lungs  and  air 
ways,  the  gastrointestinal  tract  (GI  tract)  and  the  auditory  system.  Damage 
originates  in  the  air-  or  gas-containing  portions  of  these  systems;  these  may 
injure  nearby  solid  organs,  such  as  the  heart,  liver  and  spleen. 

The  short  survival  time  of  animal  and  human  victims  of  blast  is  attribut¬ 
ed  to  air  emboli  in  the  heart  and  brain.  The  latter  accounts  for  a  variety  of 
central -nervous-system  dysfunctions  showing  disorientation,  hind-limb  paraly¬ 
sis,  convulsion,  gasping  respiration,  etc. 

Prognosis  of  patients  who  survive  a  few  hours  is  good  with  respect  to 
lung  hemorrhage.  Pulmonary  hemorrhage  improves  in  24  hours  and  is  resolved  in 
a  few  weeks.  Prognosis  of  victims  who  have  received  severe  Gl-tract  Injuries 
is  poor.  It  is  hard  to  diagnose  and  may  result  in  peritonitis  if  the  organs 
rupture  or  if  they  rupture  secondarily  later  on.  Hyperbaric  treatment  using 
an  atmosphere  of  oxygen  has  been  used  to  treat  cases  with  air  emboli. 

Injury  to  the  auditory  system  may  result  in  hearing  loss  of  two  kinds. 
One  is  a  conductive  hearing  loss  resulting  from  ear  drum  rupture  and/or  damage 
to  the  ossicular  chain.  The  other  is  neurosensory  hearing  loss  associated 
with  the  blast  energy  entering  the  inner  ear  and  destroying  hair  cells  in  the 
cochlea  that  convert  vibrations  to  nerve  signals.  Mild  forms  of  ear  injury 
can  produce  a  temporary  hearing  loss  and  are,  for  the  most  part,  self-healing. 
Severe  forms  of  injury  result  in  a  permanent  hearing  loss  that  in  the  case  of 
conductive  loss  can  only  be  corrected  surgically. 
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The  air  blast  dose  for  personnel  in  the  open  (prone  and  end-on)  is  the 
peak  incident  pressure  as  measured  by  a  pressure  transducer  oriented  side-on 
to  the  approaching  wave.  This  is  termed  an  "ideal"  or  "classical"  blast  wave 
form.  It  is  characterized  by  a  shock  front  with  an  immediate  rise  to  peak 
pressure  which  then  decays  through  the  ambient  level  into  a  negative  phase. 
The  dynamic  pressure  is  the  difference  between  the  pressure  measured  by  a 
face-on  transducer  and  a  side-on  transducer.  The  dynamic  pressure  is  taken 
into  account  when  determining  the  blast  load  for  individuals  oriented  prone 
side-on  to  the  blast  or  standing. 

When  the  blast  wave  strikes  a  hard  surface,  it  produces  a  reflected  shock 
having  a  peak  pressure  from  2  to  8  times  that  of  the  incident  one.  A  subject 
against  or  very  close  to  the  reflecting  surface  receives  the  reflected 
pressure  as  the  blast  dose. 

Since  the  interest  is  in  nuclear  blast,  it  was  assumed  that  all  the  blast 
overpressures  were  of  long  duration  and  only  one  value  of  incident  blast 
overpressure  was  associated  with  a  given  injury  level.  The  duration  of  the 
overpressure  was  considered  in  scaling  the  results  of  animal  experiments  to 
man. 

The  incident  overpressure  levels  required  to  produce  specified  degrees  of 
injury  to  the  lungs  and  gastrointestinal  tract  in  man  were  estimated  from  the 
results  of  tests  using  animals.  The  procedure  of  Bowen  was  used  to  scale  the 
blast  response  of  experimental  animals  to  a  70 - kg  man  at  sea  level  and  to  a 
long-duration  (200  ms)  blast. 

If  an  animal  with  a  body  mass,  m,  is  exposed  at  an  ambient  pressure,  P0, 
to  a  classical  blast  wave  with  a  positive  phase  duration,  te,  and  a  peak 
overpressure,  Pe,  and  sustains  a  given  injury  level,  then  semi -empirical 
theory  can  be  used  to  predict  the  peak  overpressure,  P$^,  that  will  inflict 
the  same  injury  level  in  man  exposed  at  sea  level  to  a  classical  blast  with  a 
positive-phase  duration,  ts] .  The  Psw  is  a  blast  tolerance  index  derived  from 
the  dose-response  curves  from  12  species  of  mammals.  The  peak  overpressure  for 
man  is  estimated  by: 

(61.5)  (14.7)  1+6. 76(tsl  )  1064 
S  e(Psw)  (Po)  i+6.76(te(70/m)1/3(Po/'l4.7)1/2]-loM 
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The  five  levels  of  lung  Injury  selected  were  as  follows:  1)  Trivial-- 
(threshold)  petechial  hemorrhages;  2)  Slight  --  ecchymotlc  areas  or  small 
light  hemorrhage  spots  on  the  lung’s  surface,  3)  Moderate  --  small  Isolated 
areas  of  confluent  hemorrhage  Involving  <  30%  of  the  lung’s  surface  area;  4) 
Severe  --  large  areas  of  confluent  hemorrhages  extending  deep  into  the 
parenchyma,  involving  30  to  60%  of  the  lung’s  surface  area;  5)  Very  Severe  -- 
entire  lobes  having  confluent  hemorrhages  and  covering  >  60%  of  the  lung’s 
surface  area. 

Data  on  lung  injuries  from  ten  studies  were  placed  into  the  above  five 
injury  categories,  the  corresponding  overpressure  values  were  scaled  to  man  at 
sea  level  and  averages  were  calculated  for  each  of  the  levels.  The  mean  peak 
overpressures  associated  with  each  of  the  Injury  levels  are  as  follows: 
Trivial,  14.4  psi;  Slight,  19.2  psi;  Moderate,  29.0  psl;  Severe,  34.3  psi  and 
Very  Severe,  42.0  psi.  The  highest  pressure  for  no  Injury  was  10.3  psi. 
Moderate  lung  hemorrhages  increase  the  respiratory  rate  in  dogs  and  sheep,  and 
result  in  a  detectable  increase  in  lung  weight  due  to  the  presence  of  blood 
and  edema  in  that  organ.  Very  severe  pulmonary  hemorrhage  can  be  lethal. 

The  overpressure  value  represents  the  peak  Incident  pressure  in  a  long- 
duration  wave  and  are  applicable  to  man  prone  oriented  end-on  to  the  blast. 

The  same  procedure  was  used  to  estimate  the  incident  overpressures  neces¬ 
sary  to  cause  GI  tract  injuries  in  man.  The  five  categories,  with  the  corre¬ 
sponding  overpressure  values  for  man,  are  as  follows:  1)  Trivial,  petechia  or 
small  spots  of  discoloration,  8.4  psi;  2)  Slight,  small  areas  of  light,  sub- 
serosal  contusions,  14.0  psi;  3)  Moderate,  small  areas  of  submucosal  contu¬ 
sions  with  little  or  no  disruption  of  the  mucosal  lining,  23.6  psi;  4)  Severe, 
large  areas  of  dark  submucosal  contusions  with  disruption  of  the  mucosal 
lining  and  blood  clots  extending  into  the  lumen,  29.4  psi;  5)  Very  Severe, 
disruption  of  the  mucosal  lining  with  hemorrhaging  into  lumen,  or  perforation 
of  the  entire  wall  and  usually  rupture  of  liver  or  spleen,  37.4  psi.  The 
highest  overpressure  for  no  injury  was  7.0  psi. 

Incident  overpressures  that  would  cause  lung  hemorrhages  in  personnel 
located  inside  an  open,  two-man  foxhole  (2  x  6  x  4.5  ft)  were  based  on  five 
experiments  on  animals  exposed  to  blast  while  inside  a  similar  foxhole.  The 


vi 


incident  overpressures  required  to  produce  the  chosen  degrees  of  lung  hemor¬ 
rhages  were  as  follows:  1)  none,  7.6  psl ;  2)  trivial,  11.0  psi;  3)  slight, 
14.6  psi;  4)  moderate,  19.9  psi;  5)  severe,  29.3  psi;  and  very  severe,  34.4 
psi . 

It  was  not  possible  to  estimate  the  overpressures  for  GI  tract  Injury  for 
man  In  foxholes  directly  because  the  injuries  were  not  reported  in  sufficient 
detail  in  the  experiment;  instead,  the  incident  overpressures  that  caused  each 
of  the  lung  injury  levels  in  animals  were  reduced  by  24.1%  to  obtain  those  for 
GI  tract  injuries.  This  was  based  on  data  (summarized  In  Table  9)  that  show 
overpressure  values  for  GI  tract  injury  for  man  in  the  open  were,  on  the 
average,  24.1%  lower  than  those  required  to  produce  the  corresponding  level  of 
lung  injuries.  The  higher  tolerance  of  animals  to  reflected  waves  that  rise  in 
several  steps  (rather  than  in  a  single  step)  is  clearly  shown  in  the  data  from 
these  experiments. 

Another,  more  conservative  set  of  estimates  of  the  incident  overpressures 
required  to  cause  graded  injury  levels  in  foxholes  assumed  that  the  reflected 
overpressure  in  the  foxholes  rose  to  peak  in  a  single  step.  The  incident 
overpressure  required  for  each  injury  level  for  man  in  the  open  was  taken  as 
the  required  peak  reflected  overpressure  inside  the  foxhole  for  the  same 
injury  levels.  The  incident  overpressures  for  the  corresponding  reflected 
pressures  in  the  foxhole  were  taken  from  an  empirically  derived  curve  relating 
reflected  pressure  in  a  two-man  foxhole  to  the  incident  pressure.  The  incident 
blast  levels  obtained  by  this  method  were  on  the  order  of  50%  lower  than  those 
that  assumed  the  wave  in  the  foxhole  rose  in  several  steps.  Values  of  incident 
overpressure  required  for  lung  injury,  assuming  a  one-step  rise,  were  as 
follows:  none,  3.6  psi;  trivial,  5.3  psi;  slight,  7.5  psi;  moderate,  12.0  psi; 
severe,  15.3  psi;  and  very  severe,  18.5  psi. 

Corresponding  incident  overpressures  required  for  GI  tract  injuries  were 
as  follows:  none,  2.3  psi;  trivial,  2.9  psi;  slight,  5.2  psi;  moderate,  9.5 
psi;  severe,  12.2  psi;  and  very  severe,  16.2  psi. 
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PREFACE 


Technico  Southwest  Incorporated  (TSI)  is  conducting  a  study  of  the  ef¬ 
fects  of  combined  injuries  on  performance  for  the  Defense  Nuclear  Agency  under 
contract  DNA  001-88-C-0207.  In  order  to  accomplish  the  goals  of  this  study,  a 
working  group  consisting  of  outstanding  physicians  and  scientists  who  special¬ 
ize  in  the  effects  of  radiation,  thermal  and  blast  injuries  has  been  selected. 
This  group  has  met  over  a  period  of  two  years  and  has  heard  presentations  by 
scientists  who  are  in  the  forefront  of  the  research  in  these  areas. 

The  area  that  presents  the  most  complex  problems  is  that  of  the  effects 
of  blast  injuries  on  performance.  This  is  because  there  are  primary  or  direct 
effects  of  blast  on  the  lungs  and  gastrointestinal  tracts;  secondary  effects 
from  missiles  accelerated  by  the  blast;  and  tertiary  or  tumbling  and  decelera¬ 
tion  effects  when  persons  are  thrown  by  the  wind  produced  by  a  nuclear  detona- 
tii  .  Each  of  these  effects  results  from  a  different  mechanism  and  occurs  at 
different  overpressures. 

Donald  Richmond  and  Edward  Damon  worked  for  the  Lovelace  Medical  Research 
Foundation  in  Albuquerque,  NM  which  has  done  more  research  into  the  effects  of 
blast  on  mammalian  systems  than  any  other  group  of  scientists.  These  studies 
form  the  basis  for  many  of  the  blast  risk  criteria  in  the  Personnel  Risk  and 
Casualty  Criteria  developed  by  the  United  States  Army  Nuclear  and  Chemical 
Agency.  TSI  is  fortunate  in  having  beer,  able  to  obtain  the  services  of  these 
two  outstanding  scientists.  In  response  to  the  needs  of  the  combined  injury 
working  group,  TSI  has  requested  that  Drs  Richmond  and  Damon  assemble  and 
interpret  data  on  the  effects  of  blast  for  the  range  of  overpressure  values 
defined  by  that  working  group.  This  report  is  the  result  of  their  intensive 
efforts  to  fulfill  the  needs  of  the  working  group. 
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CONVERSION  TABLE 


Conversion  factors  for  U.S.  Customary  to  metric  (SI)  units  of  measurement 


MULTIPLY 
TO  CET  «- 


TO  CET 
DIVIDE 


angstrom 

I. 000  000  X  E  -10 

meters  (n>) 

atmosphere  (normal) 

1.013  25  X  E  +2 

kilo  pascal  (kPe) 

bar 

1.000  000  X  E  >2 

kilo  pascal  (kPe) 

barn 

1.000  000  X  E  -28 

meter*  (m3) 

British  thermal  unle 

1 .054  350  X  E  ■*•3 

joule  (J) 

(theraochemlcal) 

calorie  (thermochemical) 

4.184  000 

joule  (J) 

cal  (chcrmochemlcal)/caa 

4.184  000  X  E  -2 

mega  joule/ma  (MJ/ma) 

curie 

3.700  000  X  E  ♦! 

gigs  becquerel  (CBq)* 

degree  (angle) 

1.745  329  X  E  -2 

radian  (rad) 

degree  Fahrenheit 

t  -(t*f*459.67)/l.8 

degree  kelvln  (K) 

electron  volt 

1.602  19  X  E  -19 

joule  (J) 

erg 

1.000  000  X  E  -7 

joule  (J) 

erg/second 

1.000  000  X  E  -7 

watt  (W) 

foot 

3.048  000  X  E  -1 

meter  (m) 

foot-pound-force 

1.355  818 

Joule  (J) 

gallon  (U.S.  liquid) 

3.785  412  X  E  -3 

meter2  (m*) 

inch 

2.540  000  X  E  -2 

meter  (m) 

jerk 

1.000  000  X  E  *9 

joule  (J) 

joule/kilogram  (J/kg) 

1.000  000 

Cray  (Cy)** 

(radiation  dose  absorbed) 

kllorons 

4.183 

terajoules 

kip  (1000  lbf ) 

4.448  222  X  E  *3 

newton  (N) 

kip/ inch*  (kai) 

6.894  757  X  E  ♦] 

kilo  pascal  (kPe) 

ktap 

1.000  000  X  E  *2 

newton-second/ma 

(N-s/ma) 

micron 

1.000  000  X  E  -6 

meter  (m) 

mil 

2.540  000  X  E  -5 

meter  (m) 

mile  (international) 

1.609  344  X  E  O 

9 

rt> 

n 

*1 

9 

ounce 

2.834  952  X  E  -2 

kilogram  (kg) 

pound-force  (lbf  avoirdupois) 

4.448  222 

newton  (N) 

pound-force  Inch 

1.129  848  X  E  -1 

newton-mecer  (N*m) 

pound-force/inch 

1.751  268  X  E  t’ 

newcon/meter  (H/m) 

pound- force /foot  3 

4.788  026  X  E  -2 

kilo  pascal  (kPa) 

pound-force/inch3  (psi) 

6.894  757 

kilo  pascal  (kPe) 

pound-mate  (lbm  avoirdupois) 

4.535  924  X  E  -l 

kilogram  (kg) 

pound-mass- foot 2 

4.214  011  X  F.  -2 

kilogram-meter3 

(moment  of  Inertia) 

(kg*ma) 

pound -ma  s  a / f  oo  t  * 

1.601  846  X  E  *1 

kilogram/mster3 

(kg/ma) 

red  (radiation  dose  absorbed) 

1.000  000  X  E  -2 

Cray  (Cy)** 

roentgen 

2.579  760  X  E  -4 

coulomb /kilogram 

(C/kg) 

shake 

1.000  000  X  E  -8 

second  (s) 

slug 

1.459  390  X  E  ♦! 

kilogram  (kg) 

torr  (ns  Hg,  0*C) 

1.333  22  X  E  -l 

kilo  pascal  (kPe) 

*  The  becquerel  (Bq)  is  the  SI  unit  of  radioactivity;  1  Bq  ■  1  event/s. 

**The  Cray  (Cy)  is  the  SI  unit  of  absorbed  radiation. 


IX 


TABLE  OF  CONTENTS 


Section  Page 

SUMMARY....... .  ill 

PREFACE .  vi  1 1 

CONVERSION  TABLE .  ix 

LIST  OF  ILLUSTRATIONS .  xil 

LIST  OF  TABLES .  xiv 

1  INTRODUCTION .  1 

1.1  HISTORICAL  BACKGROUND .  2 

1.2  POST-WAR  BLAST  RESEARCH .  9 

2  NATURE  OF  PRIMARY  BLAST  INJURIES .  13 

2.1  EXTERNAL  SIGNS  OF  INJURY .  13 

2.2  DIAGNOSIS .  13 

2.3  CHARACTERISTICS  OF  PRIMARY  BLAST  INJURIES .  14 

2.3.1  Intrathoracic  Injuries .  14 

2.3.2  Intra-Abdominal  Injuries .  21 

2.3.3  Auditory  System .  24 

2.3.4  Orbital  Blow-out  Fractures .  24 

2.3.5  Brain .  25 

2.3.6  Arterial  Air  Embolism .  25 

2.4  PROGNOSIS .  25 

3  BLAST  INJURY  IN  RELATION  TO  BLAST  DOSE .  27 

3.1  PHYSICAL  CHARACTERISTICS  OF  BLAST  WAVES .  27 

3.2  SCALING  ANIMAL  DATA  TO  MAN .  30 


x 


TABLE  OF  CONTENTS  (continued) 


3.3  AIR  BLAST  INJURIES  IN  THE  OPEN .  31 

3.3.1  Lung  Injury .  31 

3.3.2  Gastrointestinal  Tract  Injury .  33 

3.4  AIR  BLAST  INJURIES  INSIOE  FOXHOLES .  35 

3.4.1  Lung  Injury .  36 

3.4.2  Gastrointestinal  Tract  Injury .  39 

4  CONCLUSIONS .  41 

5  LIST  OF  REFERENCES .  44 


xi 


LIST  OF  ILLUSTRATIONS 


Page 


Figure 

1  Relation  between  P5Q  (overpressure  for  50%  mortality) 

and  body  weight .  4 

2  Fatal  blast  overpressure  for  dogs  as  a  function  of  dis¬ 
tance  and  charge  weight  (overpressure-duration  effect)..  4 

3  Spalling  effect,  pictures  of  a  small  lead  azide  pill 

detonated  in  center  of  glass  plate .  6 

4  Implosion  of  air  bubbles  by  an  underwater  shock  wave _  7 

5  Effects  of  Inertia,  when  two  objects  of  equal  size 
and  shape  but  of  differing  mass  are  struck  by 

a  blast  wave .  9 

6  P50  incident  overpressure  for  man  as  a  function  of 

positive  pressure  duration  and  body  orientation .  II 

7  Dorsal  and  ventral  views  of  lungs  from  surviving  sheep 
with  slight  lung  hemorrhage.  Lung  »  0.84%  of  body 

weight .  16 

8  Dorsal  and  ventral  views  of  lungs  from  surviving  sheep 
with  moderate  lung  hemorrhage.  Lung  -  1.28%  of  body 

weight .  16 

9  Dorsal  and  ventral  views  of  lungs  from  a  sheep  sur¬ 
viving  with  severe  lung  hemorrhage.  Lung  -  1.94%  of 

body  weight .  17 

10  Dorsal  and  ventral  views  of  lungs  from  a  sheep  (two 
minute  death)  with  very  severe  lung  hemorrhage. 

Lung  =  2.55%  of  body  weight .  17 

11  Upper  photo:  sinus  hemorrhages  of  sheep  with  a  12- 
minute  death.  Lower  photo:  extensive  contusions  in 

the  trachea  and  larynx  of  surviving  sheep .  18 

12  Heart  of  a  sheep  survivor.  Upper  photo  shows  con¬ 

tusions  In  the  eplcardlal  musculature.  Lower  photo 
shows  the  same  heart  opened  to  show  contusions  of  the 
endorcardlal  lining  of  the  left  ventricle .  19 

xii 


u-i-t  t 


LIST  OF  ILLUSTRATIONS  (continued) 

Figure  Page 


13  Oistal  portion  of  large  colon  and  spiralis  of  a  sur¬ 
viving  sheep.  Left  view  Is  of  the  submucosal  con¬ 
tusion  as  seen  through  the  outer  Intact  wall.  Right 
view  Is  with  the  large  colon  opened  to  show  ulceration 

and  hemorrhages  Into  the  lumen .  20 

14  Caecum  and  large  colon  of  sheep  with  a  five-minute 
death  showing  a  perforation  surrounded  by  a  small  area 

of  dark  contusion .  20 


15  Dorsal  view  of  lungs  and  GI  tract  from  a  dog  sacrificed 

24  hrs  following  blast  exposure.  Very  severe  lung 
hemorrhage,  lung  weight  2.48%  of  the  body  weight 
(upper  photo).  Gastrointestinal  tract  (lower  photo)  of 


the  same  animal  showing  perforations  of  colon,  ulcer¬ 
ations  lining  the  rectum,  and  submucosal  contusions  of 
stomach  and  small  Intestine .  22 

16  Liver  from  sheep,  a  seven-minute  death.  Upper  photo  is 
of  the  parietal  surface  showing  subcapsular  hematomas. 

Lower  photo  of  visceral  surface  shows  lacerations .  23 

17  Air  emboli  in  cerebral  blood  vessels  of  sheep  with  a 

two-minute  death .  26 

18  Pressure-time  pattern  of  an  ideal  blast  wave  as 
measured  In  the  open  by  a  transducer-oriented  side-on 

to  the  approaching  wave .  28 


19  Degree  of  lung  hemorrhage  and  lung  weight  In  relation 


to  the  Incident  overpressure.  The  lung  weights  are 

from  dogs,  and  the  incident  overpressure  values  are 

those  applicable  to  man  end-on  to  a  long-duration 

bl ast  at  sea  level .  34 

20  Pressure-time  patterns  measured  on  the  side-wall 

(record  2),  downstream  wall  (record  3),  and  Incident 

(record  1)  to  a  two-man  foxhole  oriented  end-on  to 

the  blast  from  a  500  ton  TNT  charge .  37 


21  Pressure-time  patterns  measured  Inside  an  underground 

shelter  having  two  12  X  12  X  8  ft  rooms.  One  room 
filled  through  a  3  X  6  ft  door  (record  3)  and  the  other, 
through  a  3  ft  diameter  escape  hatch  (record  8).  The 
Incident  wave  (record  1)  was  from  a  10- kt  nuclear 
detonation .  37 


Xlll 


LIST  OF  TABLES 


Table  Page 

1  Approximate  relationship  between  incident,  reflected, 
and  dynamic  pressures  and  wind  velocities  calculated 

for  blasts  at  sea  level  conditions .  29 

2  Injury  levels  selected  for  the  lungs .  31 

3  Long-duration  incident  blast  overpressure  required  to 
produce  selected  lung  injury  levels  in  man,  prone, 

end-on  to  the  blast  at  sea  level .  32 

4  Injury  levels  selected  for  the  gastrointestinal  tract .  35 

5  Long-duration  incident  blast  overpressure  required  to 
produce  selected  gastrointestinal  tract  injury  levels 

in  man  prone,  end-on  to  the  blast  at  sea  level .  38 

6  Incident  blast  overpressures  required  to  produce  lung 
Injury  In  man  exposed  to  blast  crouching  inside  a 

foxhole .  38 

7  The  incident  blast  overpressures  required  to  produce 
lung  and  GI  tract  injuries  In  man  located  inside  an 

open  foxhole,  (multiple  step-rising  reflected  wave) .  40 

8  Estimated  long-duration  blast  levels  required  to  produce 
lung  and  gastrointestinal  tract  injuries  in  man  located 
Inside  an  open  foxhole,  (single  step-rising  reflected 

wave) .  40 

9  Summary  of  long-duration  blast  levels  (free  air) 
required  to  produce  selected  lung  and  gastrointestinal 

tract  Injuries  in  man  prone,  end-on  at  sea  level .  42 

10  Summary  of  the  incident  long-duration  blasts  required 
to  produce  lung  and  GI  tract  Injuries  among  personnel 
Inside  foxhole,  (reflected  pressure  Inside  foxhole 

rises  In  multiple  steps) .  42 

11  Summary  of  the  long-duration  Incident  overpressures 
required  to  produce  lung  Injury  and  GI  tract  injury 
among  personnel  Inside  foxholes  (reflected  pressure 

inside  foxhole  rises  in  a  single  step) .  43 


SECTION  I 
INTRODUCTION 


According  to  Zuckerman  there  are  three  main  damage  mechanisms  from  air 
blast  (Ref.  30).  'Primary  effects"  are  those  caused  by  the  blast  wave  strik¬ 
ing  and  compressing  the  body.  This  results  In  a  blast  Injury  syndrome  that 
Includes  damage  to  the  air-  or  gas-containing  organs;  namely,  the  ear,  lungs 
and  the  upper  respiratory  tract,  and  the  gastrointestinal  tract.  The  injury 
at  high  blast  levels  may  also  Include  damage  to  solid  organs  such  as  heart, 
liver  and  spleen  and  ribs.  In  the  past  many  medical  and  paramedical  personnel 
did  not  recognize  nor  know  how  to  treat  primary  blast  effects.  Work  with  blast 
victims  in  the  Middle  East  wars  and  terrorist  bombings  has  informed  physicians 
in  recognition  and  treatment  of  primary  blast  injuries. 

"Secondary"  blast  effects  result  when  the  body  is  injured  by  flying  de¬ 
bris,  building  collapse,  tree  blowdown  and  crater  ejecta.  Window  glass  frag¬ 
ments  produce  a  particularly  common  secondary  effect  and  is  usually  the  most 
far-reaching.  Injuries  range  from  abrasions  and  contusions  to  skeletal  frac¬ 
tures  and  massive  crushing  injuries.  A  high  incidence  of  secondary  effects 
may  be  expected  when  blasts  occur  in  built-up  areas. 

"Tertiary"  effects  result  when  the  body  is  thrown  by  the  blast  wave  (or 
blast  winds)  against  the  ground,  equipment  items,  structures,  tree,  etc. 
These  injuries  are  very  similar  to  those  from  free  falls  and  secondary  ef¬ 
fects.  Medical  personnel  are  familiar  with  the  management  and  treatment  of 
these  forms  of  mechanical  trauma,  which  are  common  in  modern  society. 

Primary  effects  are  commonly  referred  to  as  "pure"  or  "direct"  blast 
injury  effects,  while  secondary  and  tertiary  are  called  "indirect"  effects. 

"Solid  blast"  is  a  term  given  to  the  mechanism  in  which  the  air  shock  or 
ground  shock  accelerates  a  harder  structure  or  portion  of  it  against  the  body. 
Deck  heave  or  deck  slap  induced  by  underwater  explosions  is  an  example  of  this 
damage  mechanism. 


1.1  HISTORICAL  BACKGROUND. 

According  to  Clemedson  (Raf.  5),  original  Interest  In  blast  Injury  cen¬ 
tered  on  mine  explosions.  Jars,  In  1788  was  the  first  to  describe  a  phenome¬ 
non  that  now  would  be  called  "blast  Injury".  Jars’  ideas  of  conditions  were 
essentially  correct  and  In  agreement  with  present-day  understanding  of  blast 
injury. 

The  Swiss,  in  1914,  were  the  first  to  systematically  study  blast  Injury  In 
experimental  animals.  Their  Interest  arose  from  examination  of  three  soldiers 
killed  during  the  Balkan  War  by  a  bursting  grenade  (shell)  without  external 
injuries,  and  accounts  of  soldiers  and  sailors  Injured  by  shells  passing  close 
by  them.  The  bow-shock  produced  by  projectiles  travelling  supersonically 
could  have  accounted  for  these  blast  injuries.  In  the  Swiss  experiments, 
rabbits  were  exposed  to  110-g  dynamite  blasts  inside  a  sand  pit  having  a  stone 
cover.  The  distance  from  the  charge  and  the  number  of  blasts  were  variables. 
The  gross  blast  injuries  described  were  those  known  today,  but  the  Swiss  could 
not  account  for  the  sudden  deaths  (Ref.  24). 

No  blast  deaths  were  reported  in  the  World  War  I  military  medical  litera¬ 
ture.  It  was  known  that  blast  would  blow  a  man  to  pieces  or  throw  him  away 
and  cause  ear  Injury,  but  there  were  no  accounts  of  the  internal  Injuries 
caused  by  primary  blast.  During  the  1918  to  1919  period,  blast  injury  studies 
were  conducted  at  Sandy  Hook  Proving  Grounds,  New  Jersey  (Ref.  11).  Dogs, 
cats,  rabbits,  and  frogs  were  exposed  to  the  muzzle  blasts  from  10-inch  naval 
rifles  and  12-inch  mortars.  The  blasts  from  the  10-inch  rifles,  on  the  order 
of  280-psi  peak  pressure,  repeatedly  produced  shock  in  dogs,  while  the  higher 
blast  pressures  of  388  psi  from  the  12-inch  mortar  did  not.  They  defined 
shock  as  a  halving  of  the  normal  blood  pressure.  It  was  suggested  that  the 
critical  factor  was  the  duration  of  the  positive  pressure  phase,  longer  for 
the  rifle  than  for  the  mortar.  Researchers  undertook  rather  comprehensive 
physiological  measurements,  using  both  gross  and  microscopic  observations,  but 
did  not  find  any  evidence  of  lesions  in  the  brain  or  nervous  tissue.  Until 
that  time,  there  was  much  speculation  in  the  literature  that  the  blast  pri¬ 
marily  affected  the  nervous  system.  Much  of  this  emphasis  may  have  been  due 
to  the  large  number  of  "shell  shock"  casualties  of  WW  I  who  evidenced  a  varie¬ 
ty  of  psychophysiologlc  symptoms  after  prolonged  exposure  to  heavy  artillery 
barrages. 
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There  were  accounts  of  detonation  deaths  (soldiers  found  dead  with  few,  If 
any,  external  Injuries)  during  the  Spanish  Civil  War  (1936  until  1939),  but  it 
was  not  until  WW  II,  with  an  Increase  In  aerial  bombing  attacks  on  civilian 
population  centers  In  Germany  and  England,  that  detonation  deaths  again  at¬ 
tracted  attention.  In  the  United  Kingdom  (UK)  Interspecies  studies  were 
conducted  that  related  the  blast  overpressure  levels  required  for  50%  mortali¬ 
ty  (P50)  to  the  body  weight  (Ref.  9).  Mice,  rabbits,  guinea  pigs,  goats  and 
monkeys  were  exposed  to  blasts  from  1-,  8-  and  66-1 b  charges  (Fig.  1).  An 
extrapolation  of  this  P5Q  versus  body  weight  curve  predicted  a  Pgg  of  370  ps 1 
for  a  60-kg  man  and  one  of  470  ps 1  for  an  80-kg  man.  These  P50  values  for  man 
would  only  apply  to  short-duration  overpressure  because  they  are  based  on  the 
results  from  small  explosive  charges.  To  evaluate  the  importance  of  the  blast 
wave  duration,  mice  were  exposed  to  blasts  from  1-,  8-,  and  66-lb  charges  but 
the  same  P5q  was  obtained  in  each  case.  Much  later  it  was  learned  that  all 
three  durations  were  relatively  long  for  an  animal  as  small  as  the  mouse  and 
that  explosive  charges  of  less  than  1.0  lb  would  be  required  to  demonstrate  a 
higher  Pjq.  The  nature  of  the  blast  injuries  and  the  pathophysiological 
effects  were  carefully  described  by  the  UK  group.  Their  observations  have 
withstood  the  test  of  time.  The  other  highlights  of  their  work  were  their 
demonstration  that  the  blast  wave  must  Impact  the  thorax  directly  to  produce 
lung  hemorrhage  and  that  sponge  rubber  may  shield  the  body  from  some  direct 
blast  effects. 

The  results  of  very  extensive  studies  undertaken  in  Germany  did  not  become 
available  until  after  the  end  of  WWII.  Curiously,  German  civil  law  prohibited 
autopsies  on  most  bombing  victims,  which  delayed  a  pathologic  description  of 
primary  blast  Injury.  However,  military  medical  studies  of  blast  waves  were 
undertaken  throughout  the  war. 

Benzlnger,  Desaga,  Rossle  and  Schardin  summarized  the  results  of  their 
very  extensive  research  conducted  during  WW  II  (Ref.  7,  8,  23  and  25).  This 
was  published  In  1950  and  reprinted  In  1971  by  the  U.S.  Air  Force  In  a  book 
entitled  "German  Aviation  Medicine,  World  War  II",  Vol .  II.  Their  apprecia¬ 
tion  of  blast  injury  is  best  exemplified  by  a  quotation  from  Benzinger:  "The 
blast  wave  Is  a  shot  without  a  bullet,  a  slash  without  a  sword.  It  is  present 
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Data  from  Ref.  9 

Figure  1.  Relation  between  P§q  (overpressure 
for  50%  mortality)  and  body  weight. 


Data  from  Ref.  8 


Distonea,  m 


Figure  2.  Fatal  blast  overpressures  for  dogs  as  a  function  of  distance 
and  charge  weight  (overpressure-duration  effect). 


everywhere  within  Its  range.  Blast  would  be  as  dreaded  a  weapon  as  chemical 
if  its  effects  were  not  limited  to  small  areas.  However,  It  would  be  prema¬ 
ture  to  believe  that  this  situation  will  always  remain  the  same." 

The  pathoanatomlcal  and  pathophysiological  changes  due  to  air  and  under¬ 
water  blast  were  thoroughly  described  by  the  German  investigators.  They 
pointed  out  that  the  nature  of  the  Internal  Injuries  produced  in  the  two  media 
were  the  same.  The  Germans  were  the  first  to  discover  that  arterial  air 
embolism  was  the  cause  of  immediate  death  from  blast  injury.  They  reasoned 
that  air  entered  the  pulmonary  venous  circulation  from  the  disrupted  alveoli 
and  was  then  distributed  to  the  coronary  vessels,  the  brain,  and  vascular  beds 
in  other  organs  of  the  body.  Injecting  very  small  volumes  of  air  into  the 
carotid  artery  produced  the  central  nervous  systems  signs  that  had  previously 
been  observed  in  blast-injured  dogs  (and  man).  Electrocardiographic  changes 
observed  in  blasted  animals  were  reproduced  by  Injecting  about  1  cc  of  air 
into  the  pulmonary  veins  of  dogs.  These  findings  corroborate  autopsy  findings 
of  internal  air  emboli  as  the  most  probable  mechanism  of  early  death  from 
primary  blast  Injury. 

The  duration  effect  was  an  additional  significant  finding  of  the  German 
studies  (Fig.  2).  They  found  that  the  fatal  static  or  side-on  overpressure 
for  dogs  decreased  by  a  factor  of  three  when  the  duration  of  the  positive 
phase  was  increased  from  about  1.8  to  12  ms.  As  illustrated  in  Fig.  2,  the 
fatal  peak  overpressure  decreases  for  larger  charge  weights.  The  larger  charge 
weights  result  in  longer  overpressure  durations  at  the  required  peak  pressure. 

These  researchers  also  demonstrated  that  the  blast  wave  must  strike  the 
thorax  and  not  enter  through  the  upper  respiratory  tract  to  inflict  lung 
Injury.  In  contrast  to  the  British  findings,  Desaga  found  that  no  protection 
from  air  blast  was  afforded  by  placing  foam  rubber  materials  about  the  thorax. 
In  fact,  he  showed  that  lung  hemorrhage  was  Intensified  by  this  material 
covering.  This  conclusion  agrees  with  more  recent  findings. 

Schardin  took  an  engineering  approach  to  the  medical  observations  and 
proposed  three  damage  mechanisms  for  blast  Injury.  The  first  was  spallation. 
As  a  shock  front  passes  from  a  more  dense  medium  to  a  less  dense  medium,  It 
reflects  back  into  the  denser  material  as  a  tension  wave  that  throws  off 
(spalls)  materials  at  the  Interface.  Schardin  demonstrated  this  by  detonating 


5 


Photo  from  fief.  25 


Figure  3.  Spalling  effect,  pictures  of  a  dll  lead  azide  pill  detonated  in 
center  of  glass  plate. 
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a  small  lead  azide  charge  in  the  center  of  a  glass  disc.  Before  the  breakage 
cracks  reach  the  outer  edges  of  the  glass  disc,  the  shock  front  has  already 
reflected  from  the  periphery  and  spalled  material  from  it  (Fig.  3).  This  is 
also  seen  as  the  breaking  up  of  the  water  surface  when  a  shock  wave  from  an 
underwater  explosion,  such  as  a  depth  charge,  reaches  the  surface,  i.e.,  the 
water-air  boundary. 

The  secondary  damage  mechanism  described  by  Schardin  was  an  implosion 
phenomenon  illustrated  when  a  shock  wave  propagates  through  a  stream  of  air 
bubbles  passing  through  water  and  the  bubbles  are  compressed  by  the  shock 
wave  (implosion  effect).  As  the  strongly  compressed  bubbles  expand,  they 
become  the  centers  of  new  pressure  waves  (Fig.  4).  Schardin  suggested  that  a 
similar  phenomenon  might  occur  in  the  lung  tissues  of  animals  struck  by  a 
strong  shockwave  or  in  the  gas-containing  portions  of  the  gastrointestinal 
tract. 

The  third  damage  mechanism  fov  blast  injury  proposed  by  Schardin  was 
inertial  effects.  He  pointed  out  that  a  leaf  exposed  to  an  intense  air  blast 
had  its  woody  veins  remaining,  but  the  delicate  portions  between  the  veins 
were  blown  away.  The  veins  have  more  inertia  than  the  light  tissue  between 
them  and  the  two  materials  could  be  expected  to  accelerate  at  different  rates 
when  struck  by  the  blast,  thereby  creating  great  stress  at  the  boundaries. 
The  delicate  alveolar  tissue  between  bronchi  and  blood  vessels  would  be  an 
analogous  condition.  In  support  of  this,  pathologic  studies  showed  hemorrhage 
around  the  bronchovascul ar  structures  in  the  lung.  Figure  3  illustrates 
inertial  effects.  When  two  objects  of  equal  size  and  shape  but  of  different 
mass  are  struck  by  a  blast  wave,  the  one  having  less  mass  (m2)  accelerates  to 
a  higher  velocity  and  travels  farther  then  the  one  (mj)  of  greater  mass. 

In  keeping  with  a  me  oanistic  interpretation,  Schardin  also  suggested 
that,  if  the  duration  of  the  blast  wave  is  less  than  the  natural  period  of  the 
system  (the  frequency  at  which  it  resonates),  then  the  impulse  (pressure-time 
integral)  becomes  the  determining  damage  component  of  the  blast  wave.  If,  on 
the  other  hand,  the  duration  of  the  blast  wave  is  greater  than  the  natural 
period,  it  is  the  peak  pressure  that  will  account  for  the  d*  ",e  observed. 
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EFFECTS  OF  INERTIA 

Moss  m|  >  m2 
Velocity  m2  >  m, 


Data  from  Ref.  Z 

Figure  5.  Effects  of  inertia,  when  two  objects  of  equal  size  and  shape  but 
of  differing  mass  are  struck  by  a  blast  wave. 

During  the  1942-1945  period,  the  U.S.  Navy  studied  air  blast  and  Immersion 
blast  effects  using  rabbits,  guinea  pigs,  monkeys,  and  goats  (Ref.  7).  They 
concluded  that  blast  injury  only  occurred  when  animals  were  within  the  flash 
zone  and  that  air  blast  was  not  an  Important  casualty  producer.  They  also 

stated  that  this  may  not  be  true  for  people  exposed  to  blast  Inside  confined 

spaces.  They  considered  underwater  blast  to  be  an  Important  casualty  produc¬ 
er.  At  that  time,  there  were  many  accounts  of  death  and  injury  among  sailors 
In  the  water  during  explosions  of  depth  charges  and  torpedoes. 

1.2  POST-WAR  BLAST  RESEARCH. 

Recognition  of  the  enormous  range  of  blast  effects  from  nuclear  weapons 
caused  a  heightened  Interest  In  blast  research  worldwide.  Two  questions  that 
arose  early  were:  1)  Did  the  long-duration  flow  or  blast  winds  associated  with 

the  nuclear  blast  wave  present  a  displacement  hazard  to  equipment  and  person¬ 

nel?  2)  Did  the  pressure-duration  curve  of  Desaga  (Fig.  2)  continue  signifi¬ 
cantly  downward,  thereby  Increasing  the  lethal  zone  from  these  large  yield, 
very  long-duration  exposures? 
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After  WW  II,  the  blast  research  of  the  German  scientists,  under  the  direc¬ 
tion  of  Schardln,  was  continued  at  the  French-German  Research  Institute  at 
Saint-Louis  (ISL),  France  (Ref.  10).  In  the  United  Kingdom,  blast  research 
was  conducted  at  the  Chemical  Oefense  Research  Establishment  at  Porton, 
Salisbury,  Wiltshire  (Ref.  6).  Since  1964,  with  the  detonation  of  their  first 
nuclear  weapon,  there  has  been  uninterrupted  blast  research  by  ZG  Wang  at  the 
Research  Institute  of  Surgery,  Chongqulng,  People’s  Republic  China  (Ref.  29). 
Clemedson’s  group  pioneered  research  In  blast  Injury  at  the  Swedish  Defense 
Research  Establishment.  Their  work  has  played  a  major  part  in  the  understand¬ 
ing  of  the  mechanisms  and  consequences  of  primary  blast  Injury  (Ref.  3,  4). 
In  1953,  the  Atomic  Energy  Commission  contracted  the  Lovelace  Foundation, 
Albuquerque,  New  Mexico,  to  study  the  biological  effects  of  nuclear  blast 
under  the  direction  of  Clayton  S.  White. 

One  of  the  major  contributions  of  the  Lovelace  researchers  is  the  exten- 
tlon  of  the  mortality  curves  of  Oesaga  (Ref.  2)  to  overpressure  durations  of 
>1000  ms.  The  incident  overpressures  associated  with  fifty  percent  mortality 
for  man  In  relation  to  the  duration  of  the  overpressure  Is  given  In  Figure  6. 
These  curves  are  based  on  the  dose-response  curves  from  13  animal  species 
subjected  to  blast  waves  of  various  duration  generated  by  high  explosives  In 
the  open  and  blast  produced  Inside  shock  tubes.  In  the  curve  applicable  to 
man  end-on  to  the  blast,  the  incident  shock  or  the  side-on  pressure  consti¬ 
tutes  their  air  blast  dose.  In  the  curve  for  personnel  broadside  to  the  ap¬ 
proaching  blast  wave,  the  blast  dose  Is  the  sum  of  the  dynamic  pressure  and 
the  Incident  pressure.  The  third  curve  Is  for  individuals  against  or  very 
close  to  a  reflecting  surface  where  the  reflected  pressure  Is  the  effective 
dose. 
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Data  frt»  Ref.  2 

Figure  6.  Pjq  incident  overpressure  for  man  as  a  function  of  positive 
overpressure  and  body  orientation. 


The  blast  problems  addressed  In  each  of  these  countries  were  quite  simi¬ 
lar.  Some  of  the  areas  of  research  were: 

*  describing  the  nature  of  blast  Injury  for  its  prognosis  and  treatment. 

*  developing  mathematical  models  to  describe  the  response  of  the  body 
under  blast  loading. 

*  evaluating  the  effects  of  exposure  to  repeated  blasts  in  connection 
with  the  risk  from  muzzle  and  breech  blasts. 

*  defining  the  damage  parameters  of  complex  blast  waves  that  are  a 
result  of  firing  from  enclosures,  blast  behind  armor,  terrorist  bomb¬ 
ing,  etc. 

*  developing  protective  garments  for  personnel. 

*  evaluating  the  effects  of  enhanced  blast  munitions,  such  as  fuel-air- 
explosive. 

The  nature  of  primary  blast  Injuries  and  associated  external  symptoms  and 
prognosis  are  described  in  the  following  section. 
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SECTION  2 

NATURE  OF  PRIMARY  BLAST  INJURIES 


Primary  blast  injury  is  almost  always  accompanied  by  some  mechanical 
wounds  and  burns,  especially  when  the  source  is  small  yield  conventional 
ordnance,  although  there  have  been  instances  where  soldiers  died  in  battle 
without  any  external  signs  except  bloody  froth  about  their  nose  and  mouth. 
Uncomplicated  blast  injury  can  be  expected  from  1)  fuel -air  explosive  muni¬ 
tions  and  tactical  nuclear  weapons  2)  in  small  field  fortifications,  ship 
compartments,  and  armored  vehicles  hit  by  various  penetrators,  and  3)  explo¬ 
sions  in  a  water  environment. 

2.1  EXTERNAL  SIGNS  OF  INJURY. 

The  external  clinical  signs  of  blast  injury  are  respiratory  distress  in 
the  form  of  rapid  shallow  breathing  or  slow  labored  breathing  with  difficulty 
in  exhalation.  There  may  be  blood  or  bloody  froth  exuding  from  the  nose  and 
mouth,  tightness  and  pain  In  the  chest,  and  cyanosis.  Hemorrhaging  from  the 
auditory  canal  may  be  seen.  Gastrointestinal  injury  may  be  evidenced  by 
involuntary  guarding,  tenderness  to  touch,  and  a  rigid  abdomen  as  well  as 
bleeding  from  the  anus  or  a  bloody  stool.  The  victim  may  also  show  evidence 
of  having  arterial  air  embolism;  evidence  of  cerebral  dysfunction,  such  as 
confusion  and  disorientation;  colonic  movement;  and  limb  paralysis.  Some  of 
the  behavioral  effects  commonly  reported  are: 

*  All  will  be  dazed  and  confused  immediately  following  blast  exposure. 

*  The  neurological  state  will  vary  from  normal  to  comatose. 

*  Neurological  sequelae  may  be  loss  of  equilibrium,  convulsions  and 
focal  neurological  disturbances. 

*  Blast  exposure  usually  results  In  an  Inability  to  concentrate. 

2.2  DIAGNOSIS. 

The  first  symptom  looked  for  in  diagnosing  blast  injury  should  be  evidence 
of  air  emboli  since  emboli  are  an  Immediate  threat  to  life.  Air  emboli  may  be 
seen  in  the  retinal  vessels  with  an  ophthalmoscope  or  evidenced  as  wedge- 
shaped  blanched  areas  on  the  underside  of  the  tongue.  Coronary  air  emboli  can 
be  evidenced  by  electrocardiogram  changes  that  are  similar  to  Ischemic  ones. 
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A  chest  x-ray  Is  an  important  diagnostic  tool  in  determining  the  extent  of 
pulmonary  contusions.  The  presence  of  a  pneumothorax,  hemothorax,  subpleural 
air  blebs,  and  pneumomediastinum  can  be  seen  in  the  x-ray.  Chest  sounds  are 
equally  important  and  may  vary  from  a  few  localized  rales  to  widespread  rales 
and  rhonchi.  A  blood  gas  analysis  to  give  the  partial  pressures  of  oxygen  and 
carbon  dioxide  will  aid  In  evaluating  the  physiological  extent  of  the  lung 
damage.  The  respiratory  rate  and  blood  pressure  are  other  indicators  of 
pulmonary  damage.  Hypotension  is  a  symptom  of  extensive  lung  hemorrhage  as  is 
bradycardia  (Increased  heart  rate). 

Gastrointestinal  tract  injuries  may  be  more  extensive  than  indicated  by 
the  clinical  signs.  Abdominal  x-rays  may  show  gastric  dilation  and  dilated 
loops  of  the  intestine,  but  small  fissures  or  perforations  usually  will  not  be 
seen  in  the  films.  The  absence  of  bowel  sounds  may  indicate  visceral  rupture. 
Aspiration  of  abdominal  fluids  and  blood  cell  counts  are  other  tests  to  assess 
visceral  perforation.  Inspection  with  a  sigmoidoscope  may  be  useful  for  Iden¬ 
tifying  colonic  damage. 

Eardrum  rupture  may  be  seen  with  an  otoscope.  The  severity  of  eardrum 
perforation,  unilateral  or  bilateral,  may  be  a  general  Indication  of  the 
intensity  of  the  blast  and  extent  of  other  injury. 

2.3  CHARACTERISTICS  OF  PRIMARY  BLAST  INJURIES. 

Primary  blast  injuries  involve  hollow  or  gas-containing  organs.  It  is 
generally  agreed  that  damage  to  solid  organs  occurs  because  they  are  in  direct 
contact  with  the  imploding  hollow  ones.  Hollow  organs  occur  in  three  systems 
In  the  body:  the  respiratory  system,  the  gastrointestinal  system,  and  the 
auditory  system. 

2.3.1  Intrathoracic  Injuries. 

Those  organs  in  the  chest  damaged  by  blast  are  the  lungs  and  airways,  the 
heart,  tissues  of  the  chest  wall  itself.  Including  the  ribs  and  intercostal 
muscles. 

2.3. 1.1  Luna.  Damage  to  the  lungs  Is  hemorrhagic  in  nature.  Among  the 
blast  injuries,  pulmonary  hemorrhage  is  the  most  impressive.  The  lungs  are 
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considered  to  be  the  target  organ  since  Its  disruption  allows  air  emboli  to 
enter  the  circulation  and  cause  rapid  death.  The  severity  of  lung  hemorrhages 
ranges  from  a  few  petechiae  (pin-head  sized  hemorrhages)  and  ecchymotic  areas 
(concentration  of  petechiae)  on  the  surface  of  the  lungs,  to  confluent  hemor¬ 
rhages  ranging  from  small  Isolated  areas  to  those  Involving  entire  lobes. 
Confluent  hemorrhages  may  extend  deep  Into  the  parenchyma  and  surround  the 
bronchial  tree.  A  darker  area,  almost  black  In  color,  Is  usually  present  and 
appears  to  represent  the  Impression  made  In  the  lung  by  the  ribs.  Actually, 
good  experimental  evidence  shows  that  these  so-called  rib  markings  are  pro¬ 
duced  by  the  Intercostal  tissues  impacting  the  lung  and  not  the  ribs. 

Investigators  have  used  the  lung  weights  of  animals  as  an  index  of  the 
amount  of  blood  and  edema  in  the  damaged  lung.  The  lung  weight  of  animals 
exposed  to  blasts  In  the  lethal  range  may  be  two  to  three  times  Its  normal 
value.  Examples  of  lungs  having  slight,  moderate,  severe  and  very  severe 
degrees  of  hemorrhage  are  shown  In  Figures  7,  8,  9,  and  10  (these  and  other 
photos  are  from  the  authors’  research  at  the  Lovelace  Medical  Research  Founda¬ 
tion)  . 

Intense  blasts  commonly  cause  subpleural  air  blebs  and  may  even  rupture 
the  lung  Itself.  Lung  lobes  may  be  punctured  by  the  ends  of  fractured  ribs. 
Both  of  these  events  account  for  air  and  blood  In  the  thoracic  cavity  (pneumo 
and  hemothorax).  Contusions  along  the  Intercostal  muscles  are  common  blast 
lesions  In  the  chest  wall.  In  severe  cases,  the  tissues  may  tear,  and  the 
ribs,  fracture.  The  usual  site  of  rib  fracture  is  at  the  midaxlllary  region 
and  at  the  vertebral  junction. 

2. 3. 1.2  Upper  Airways.  The  mucosal  lining  of  the  sinus,  larynx,  pharynx 
and  trachea  may  become  bruised  as  a  result  of  rather  low  blast  levels.  Severe 
forms  of  this  Injury  involve  hemorrhaging  beneath  the  mucosa  that  results  In  a 
hematoma  and  an  elevation  of  the  mucosa  that  reduces  the  cross  sectional  area 
of  the  lumen,  Figure  11. 
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Figure  9.  Dorsal  and  ventral  views  of  lungs  from  a  surviving  sheep 
with  severe  lung  hemorrhage.  Lung  «  1.94%  of  body  weight 


Figure  10.  Dorsal  and  ventral  views  of  lungs  from  a  sheep  (two  minute 
death)  with  very  severe  lung  hemorrhage.  Lung  ■  2.55%  of 
body  weight. 


Figure  11 


.  Upper  photo:  sinus  hemorrhages  of  sheep  with  a  12-minute 
death.  Lower  photo:  extensive  contusions  In  the  trachea 
and  larynx  of  surviving  sheep. 
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Figure  12.  Heart  of  a  sheep  survivor.  Upper  photo  shows  contusions  In 
the  eplcardlal  musculature.  Lower  photo  shows  the  same  heart 
opened  to  show  contusions  of  the  endocardial  lining  of  the 
left  ventricle. 


Figure  14.  Caecum  and  large  colon  of  sheep  with  a  five-minute  death 
showing  a  perforation  surrounded  by  a  small  area  of  dark 
contusion. 
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2. 3. 1.3  Heart.  Blast  lesions  to  the  heart  are  contusions  in  its  outer 
surface  (epi -cardial  muscle)  and  inner  surface  (endocardial  muscle)  and  are 
shown  in  Figure  12.  These  contusions  are  usually  confined  to  the  ventricles 
(in  particular,  the  left  one).  Since  the  heart  does  not  contain  air,  the 
damage  probably  is  a  result  of  its  contact  with  the  lung.  An  enlarged  right 
ventricle  is  a  relatively  common  finding  at  postmortem  examinations  of  humans 
and  animals  subjected  to  blast.  Cardiac  contusions  occur  at  relatively  low 
blast  levels.  As  already  mentioned  one  of  the  important  blast  lesions  is 
coronary  air  embolism. 

2.3.2  Intra-Abdominal  Injuries. 

Gastrointestinal  Tract.  Damage  is  usually  confined  to  the  stomach  and 
large  Intestine  at  locations  where  there  is  gas,  but  may  spread  to  other 
portions  of  the  GI  tract  and  to  solid  organs  such  as  the  liver,  spleen  and 
kidneys  in  close  contact  with  the  gas-containing  regions. 

In  general,  the  organs  of  the  digestive  tract  are  made  up  of  an  outer 
layer  (serosa)  and  an  Inner  layer  (mucosa)  with  usually  two  thin  muscle  layers 
between  them.  Injury  of  minimal  severity  consists  of  light  contusions  to  the 
serosal  tissue  only.  Moderate  injury  consists  of  submucosal  contusions  in¬ 
volving  the  muscular  lining  with  hemorrhaging  into  the  lumen  (Fig.  12). 
Perforation  of  the  entire  organ  wall  would  be  the  most  dangerous  form  of 
injury,  because  the  contents  of  the  Gl  tract  spill  into  the  abdominal  cavity. 
It  is  common  to  find  small  ulcerations  of  the  mucosal  lining  with  blood  clots 
attached.  There  may  be  large  areas  of  submucosal  contusions  without  perfora¬ 
tions  of  the  wall,  or  perforations  of  the  wall  surrounded  by  just  a  small  area 
of  submucosal  contusion  (Figs.  14  and  15). 

Contusions  of  the  wall  of  the  digestive  tract  may  rupture  after  becoming 
necrotic  several  days  after  blast  exposure,  and  causing  peritonitis  from  the 
introduction  of  the  contents  of  the  GI  tract  Into  the  abdominal  cavity.  Such 
a  result  has  been  seen  in  underwater  blast  victims,  but  has  not  been  studied 
with  animals.  Damage  to  the  solid  organs,  including  the  liver  (Figure  16), 
spleen  and  kidneys,  ranges  from  light  subcapsular  contusions  to  subcapsular 
hematomas  to  rupture.  Rupture  or  maceration  of  these  organs  results  In  a 
hemoperitoneum  (blood  in  the  abdominal  cavity). 
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Figure  15.  Dorsal  view  of  lungs  and  GI  tract  from  dog  sacrificed  24  hrs 
following  blast  exposure.  Very  severe  lung  hemorrhage,  lung 
weight  2.48%  of  the  body  weight  (uppar  photo).  Gastrointes¬ 
tinal  tract  (lower  photo)  of  the  same  animal  showing  perfora¬ 
tions  of  colon,  ulcerations  lining  the  rectum,  and  submucosal 
contusions  of  stomach  and  small  intestine. 


Figure  16.  Liver  from  sheep,  a  seven-minute  death.  Upper  photo  Is  or  the 
parietal  surface  showing  subcapsular  hematomas.  Lower  photo 
of  visceral  surface  shows  lacerations. 
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2.3.3  Auditory  System. 

The  auditory  system  consists  of  three  regions:  the  outer  ear  (made  up  of 
the  pinnae  and  auditory  canal);  the  middle  ear  (containing  the  tympanic  mem¬ 
brane  (ear  drum)  and  ossicles  that  transmit  sound  vibrations  from  the  ear  drum 
to  the  inner  ear);  and  the  Inner  ear,  a  conch-shaped  cavity  (cochlea)  contain¬ 
ing  embedded  hair  cells  and  a  fluid  (endolymph).  These  hair  cells  convert  the 
sound  vibrations  In  the  fluid  Into  nerve  Impulses  that  are  conducted  to  the 
brain  via  the  auditory  nerve.  The  organ  for  balance,  the  semicircular  canals, 
are  connected  to  the  cochlea  and  share  the  same  endolymph. 

2.3.3. 1  Ear  Drum  Rupture.  The  ear  drum  may  begin  to  fall  at  blasts  as 
low  as  3  psi.  This  would  consist  of  small  tears  or  perforation  of  a  trivial 
nature  and  would  be  self-healing.  The  most  severe  form  of  this  lesion  would 
be  the  eardrum  completely  destroyed  with  hemorrhage  and  fracture  or  dlslodge- 
ment  of  the  ossicles.  Severe  ear  drum  rupture  could  be  expected  to  begin  at 
around  8  psi.  Hearing  loss  associated  with  middle  ear  Injury  has  been  termed 
conductive  hearing  loss.  The  amount  of  hearing  loss  would  range  from  0  to  15 
dB  to  50  to  70  dB  for  the  most  severe  cases. 

2. 3. 3. 2  Inner  Ear  Injury.  Blast  levels  lower  than  those  required  to 
rupture  the  eardrum  may  damage  hair  cells  in  the  cochlea.  Loss  of  hair  cells 
usually  causes  a  temporary  threshold  shift  In  hearing  that  might  also  be 
permanent.  There  is  an  immediate  onset  of  tinnitus  (ringing  In  the  ears) 
Interfering  with  hearing,  and  its  Intensity  and  duration  Is  related  to  the 
extent  of  damage  to  the  hair  cell  population.  Hearing  loss  by  this  method  is 
termed  neurosensory.  In  the  acoustical  field,  the  blast  level  is  expressed  as 
Impulse  noise  in  dB  units.  For  instance  1  psi  Is  171  dB,  3  psi  is  180  dB  and 
14.7  psi  Is  194  dB.  MIL-STD-1447  gives  the  damage  risk  criteria  for  personnel 
exposed  to  impulse  noise.  The  criteria  specify  the  number  and  Intensity  of 
Impulse  noises  allowable  per  day.  Hearing  protection  Is  required  above  140  dB 
(0.03  psi). 

2.3.4  Orbital  Blow-out  Fractures. 

This  lesion  has  been  found  in  dogs,  sheep  and  monkeys  that  were  exposed  to 
very  Intense  blasts  (>100  psi).  Evidently  the  overpressure  is  transmitted 
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hydraulically  by  the  eyeball  to  the  bony  floor  of  the  eye  orbit,  resulting  In 
a  depressed  fracture  of  these  bones.  This  lesion  has  been  described  in  people 
struck  In  the  eye  with  blunt  objects  such  as  baseballs.  Mine  bottle  corks, 
fist,  etc.  The  eyeball  may  be  displaced  downward  In  some  of  these  cases, 
resulting  In  double  vision. 

2.3.5  Brain. 

Host  recent  workers  agree  that  the  brain  Itself  Is  not  damaged  by  air 
blast.  Before  World  War  II  there  was  speculation  that  the  brain  and  spinal 
cord  was  a  site  of  damage  to  explain  the  central  nervous  (CN)  system  dysfunc¬ 
tion,  shell  shock,  etc.  As  already  mentioned,  the  German  workers  during  WW 
II  discovered  that  air  emboli  In  the  brain  were  the  reason  for  the  CN  effects. 

2.3.6  Arterial  Air  Embolism. 

As  the  small  air  sacs  (alveoli)  In  the  lung  area  are  disrupted,  air  enters 
the  vascular  system  and  travel  throughout  the  body.  These  air  bubbles  ob¬ 
served  In  the  coronary  arteries  of  the  heart  and  In  the  arteries  In  the  brain 
(Fig.  17)  are  the  cause  of  most  deaths  from  blast.  Deaths  of  most  animals 
within  one  hour  from  blast  are  due  to  air  emboli  In  their  heart  or  brain.  Air 
emboli  are  not  found  In  surviving  animals. 

2.4  PROGNOSIS. 

Typically,  the  survival  time  of  animals  and  humans  dying  from  primary 
blast  Is  short.  The  majority  die  within  one  hour  of  blast  from  air  emboli. 
More  delayed  deaths,  within  a  few  hours  after  blast  are  probably  caused  by 
suffocation  from  blood  and  fluids  obstructing  the  airways  and  from  Intra- 
abdominal  hemorrhaging.  Even  though  the  lung  may  be  almost  completely  hemor¬ 
rhaged,  the  small  remaining  normal  areas  are  believed  to  be  sufficient  to 
sustain  life,  thus  lung  hemorrhage  per  se  is  not  the  cause  of  death. 

Pulmonary  hemorrhage  resolves  In  a  remarkably  short  time.  In  both  humans 
and  animals  there  Is  a  marked  Improvement  In  24  hours.  There  Is  a  decided 
clearing  of  the  hemorrhage  In  one  week,  and  there  are  only  slight  remnants  of 
the  contusions  at  three  weeks. 

The  prognosis  of  Intra-abdominal  Injuries  Is  poor.  The  mortality  rate  Is 
high  within  the  first  week  following  Injury  with  or  without  treatment. 
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Figure  17.  Air  emboli  In  cerebral  blood  vessels  of  sheep  with  a  two- 
minute  death. 


26 


SECTION  3 

BLAST  INJURY  IN  RELATION  TO  BLAST  DOSE 

Blast  overpressures  required  to  produce  specified  Injury  levels  in  man  are 
presented  in  this  section.  Specifically,  the  incident  overpressures  that 
would  inflict  trivial,  slight,  moderate,  severe  and  very  severe  injuries  to 
the  lung  and  gastrointestinal  (61)  tract  are  estimated,  based  on  best  avail¬ 
able  data.  The  highest  overpressure  for  which  no  overt  Injury  occurs  also  has 
been  estimated.  These  values  are  applicable  to  man  when  prone,  oriented  end- 
on  to  long-duration  blasts  at  sea  level,  and  to  man  exposed  to  blast  while 
Inside  a  foxhole. 

3.1  PHYSICAL  CHARACTERISTICS  OF  BLAST  WAVES. 

A  typical  pressure-time  pattern  measured  by  a  transducer  oriented  side-on 
to  the  blast  flow  In  free  air  Is  Illustrated  in  Figure  18.  It  Is  known  as  an 
"Ideal"  or  "classical"  blast  wave  produced  when  the  detonation  and  measuring 
transducer  are  well  above  the  surface  or  when  the  transducer  is  on  the  ground 
and  the  detonation  is  a  surface  burst.  These  blast  waves  have  a  positive 
phase  and  a  negative  phase.  In  the  positive  phase,  the  air  is  compressed 
almost  instantly  to  a  peak  value  and  then  decays  exponentially  to  the  ambient 
level  (base  line).  The  pressure  continues  to  drop  below  the  ambient  at  the 
start  of  the  negative  phase.  During  the  positive  phase,  the  flow  or  blast 
winds  are  away  from  the  explosive  source,  but  reverse  their  direction  during 
the  negative  phase. 

Blast  wave  parameters  of  interest  In  connection  with  blast  Injury  are  the 
peak  pressure  In  the  Incident  or  reflected  waves,  the  dynamic  pressure,  and 
the  duration  of  the  positive  phase.  The  peak  pressure  Is  read  from  base  line 
to  the  maximum  value,  and  the  positive  duration,  from  the  shock  front  to  the 
point  (Figure  18)  where  the  pressure  first  crosses  the  base  line.  The  dynamic 
pressure  (q)  Is  a  measure  of  the  blast  flow;  It  Is  the  difference  between  the 
pressure  measured  face-on  and  that  measured  side-on.  The  q  may  be  expressed 
as  one-half  the  air  density  times  the  air  particle  velocity  squared.  Reflected 
pressure  results  when  the  Incident  shock  strikes  a  hard  surface  perpendicular¬ 
ly  (or  nearly  so)  to  Its  travel.  The  reflected  pressures  may  be  from  2  to  8 


27 


OVERPRESSURE 


Figure  18.  Pressure-time  pattern  of  an  Ideal  blast  wave  as  measured  In  the 
open  by  a  transducer-oriented  side-on  to  the  approaching  wave. 

times  the  magnitude  of  the  Incident  shock. 

For  a  given  detonation,  the  peak  pressures  decrease  with  distance  from  the 
charge,  and  the  positive  pressure  durations  Increase.  The  duration  of  the 
overpressure  Is  related  to  the  explosive  yield.  For  small,  high  explosive 
charges,  overpressure  durations  are  on  the  order  of  tens  of  milliseconds;  for 
nuclear  explosions  the  duration  Is  hundreds  of  milliseconds  to  seconds  depend¬ 
ing  on  yield.  In  order  to  double  the  distance  at  which  a  given  peak  overpres¬ 
sure  Is  obtained,  the  yield  from  a  nuclear  explosion  must  be  Increased  eight¬ 
fold. 

Values  of  reflected  pressures,  dynamic  pressures  and  wind  velocities  as  a 
function  of  the  Incident  pressures  are  listed  In  table  1.  It  can  be  seen  that 
the  dynamic  and  reflected  pressures  Increase  In  magnitude  out  of  proportion  to 
the  Incident  pressure.  A  doubling  of  the  Incident  pressure  from  10  to  20  psl 
Increases  the  dynamic  pressure  by  a  factor  of  four  (2  to  8  psl).  In  a  similar 
manner,  the  reflected  pressure  Increases  from  25  to  60  psl  over  that  range  of 
Incident  pressures. 
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Table  1.  Approximate  relationship  between  Incident,  reflected, 
and  dynamic  pressures  and  wind  velocities  calculated 
for  blasts  at  sea  level  conditions. 


w,nd  XplocUy 

psl  psl  psl 


1 

2 

0.02 

40 

2 

4 

0.1 

70 

5 

11 

0.6 

160 

10 

25 

2 

290 

20 

60 

8 

470 

30 

90 

16 

670 

50 

200 

40 

940 

100 

500 

125 

1500 

Note:  A  wind  of  120  mph  exerts  a  dynamic  pressure 
of  approximately  0.25  psl. 


It  Is  usually  stated  that  the  negative  phase  of  the  blast  wave  does  not 
contribute  to  blast  Injury  or  physical  damage.  Sometimes  doors  and  hatches  of 
structures  In  some  above-ground  nuclear  tests,  although  constructed  to  resist 
high  overpressures,  were  torn  away  by  the  underpressure  because  underpressure 
was  not  taken  Into  account  In  their  design.  Debris  generated  and  lofted  by 
the  positive  phase  and  swept  closer  to  the  explosive  source  by  the  negative 
phase  winds  was  sometimes  Incorrectly  Interpreted  to  mean  the  damage  was 
caused  by  the  suction  phase.  There  Is  Insufficient  evidence  to  define  the 
role,  If  any,  played  by  the  negative  phase  In  blast  Injury. 

In  experiments  which  animals  are  exposed  to  pressure  waves  reflected 
against  a  large  surface,  the  effective  pressure  Is  reported  as  the  air  blast 
dose.  These  peak  reflected  pressures,  when  scaled  to  man,  represent  the 
effective  pressure  or  peak  Incident  overpressures  that  cause  the  specific 
Injury  levels,  such  as  those  In  Table  6.  In  other  experiments  animals  are 
tested  side-on  to  the  blast  In  the  free  stream.  In  this  case,  the  Incident 
pressure,  as  measured  by  a  transducer  side-on,  Is  reported  as  the  blast  dose 
even  though  the  target  also  received  the  dynamic  pressure  load.  To  apply 
side-on  values  to  the  end-on  man  situation,  It  Is  necessary  to  add  the  dynamic 
pressure  to  the  side-on  Incident  overpressure  value.  The  sum  of  the  two  then 
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becomes  the  peak  Incident  pressure.  For  example  trivial  lung  Injury  occurs  In 
subjects  end-on  to  the  blast  receiving  an  Incident  shock  of  14.4  ps 1  as  the 
effective  pressure--the  dynamic  pressure  does  not  add  to  the  dose.  Individu¬ 
als  broad-side  to  the  blast,  loaded  with  an  Incident  shock  of  11.5  psl  and  a 
dynamic  pressure  of  2.85  psl,  would  also  experience  an  effective  overpressure 
of  14.4  psl  and  trivial  lung  Injury.  An  Incident  shock  of  6.2  psl  will  result 
In  a  reflected  pressure  of  14.4  psl,  which  is  the  effective  pressure  for  a 
subject  against  a  reflector. 

3.2  SCALING  FOR  ANIMAL  DATA  TO  MAN 

Blast  overpressures  that  produced  the  selected  Injury  levels  In  experi¬ 
mental  animals  were  taken  from  the  literature,  then  scaled  to  sea  level,  to 
70-kg  man  and  to  blast  waves  of  200-mill  1  seconds  (ms)  duration.  The  latter  Is 
considered  to  be  a  long  duration  beyond  which  the  blast  dose  required  for  a 
given  primary  blast  injury  would  not  change.  Scaling  Is  necessary  because 
much  of  the  data  from  Lovelace  Foundation,  Albuquerque,  N.M.,  was  obtained  at 
12  psla  (ambient  pressure),  the  body  weight  of  the  animals  was  less  than  70 
kg,  and  duration  of  most  of  the  blasts  were  less  than  200  ms.  Except  for  the 
ISL  results  (Ref.  27),  data  having  overpressure  durations  of  less  than  10  ms 
are  not  Included  In  the  compilation,  nor  are  rodent  data.  The  method  of 
scaling  these  parameters  to  sea  level  Is  taken  from  Reference  2.  Assume  an 
animal  with  a  body  mass,  m,  Is  exposed  at  an  ambient  pressure,  P0,  to  a  clas¬ 
sical  blast  wave  with  a  positive  phase  duration,  te,  and  a  peak  overpressure, 
Pe.  According  to  the  semi -empirical  theory,  the  same  Injury  level  experienced 
by  the  animal  Is  experienced  by  man  exposed  at  sea  level  to  a  classical  blast 
wave  with  a  positive-phase  duration,  ts],  and  a  peak  overpressure,  Ps-|,  thus: 

(61.5)  (14.7)  l+6.76(t-i  )’1,064 

Psi  -  Pe . . .  (1) 

Vsw>  (P0)  l+6.76[te(70/m)l'J(Po/14.7)1'I]-1M* 

where  m  Is  expressed  In  kg,  the  duration,  In  ms,  and  the  pressure,  In  psl.  Psw 
Is  a  square-wave  pressure  that  results  In  50%  animal  mortality  and  Is  an  Index 
of  blast  tolerance  that  Is  Independent  of  body  mass.  The  Psw  Is  determined 
for  each  of  12  species  of  mammals  from  their  dose-response  curves  (Ref.  2). 
The  P$w  for  a  70-kg  man  Is  61.5  ps1--the  geometric  mean  of  values  for  large 
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animals  that  range  from  50  psl  for  steer  to  72  psl  for  burros.  Other  Psws  of 
Interest  are:  68.5  psl  for  sheep,  56.6  psi  for  dogs,  and  62.5  psl  for  swine. 

3.3  AIR  BUST  INJURIES  IN  THE  OPEN 
3.3.1  Lung  Injury. 

Specific  Injury  levels  chosen  for  the  lungs  are  defined  In  Table  2.  A 
lung  damage  grading  scheme  In  use  at  Walter  Reed  Army  Institute  of  Research 
(WRAIR)  Is  taken  Into  account  or  Incorporated  Into  our  scheme.  The  WRAIR 
grading  system  considers  the  percent  surface  area  of  the  lung  that  is  hemor¬ 
rhaged.  Trivial  lung  hemorrhages  In  the  form  of  petechia  (pin-head  size 
hemorrhages)  are  usually  graded  as  the  threshold  Injury.  This  type  of  Injury 
has  no  physiological  consequences  and,  In  fact,  may  occur  in  control  animals. 
Moderate  degrees  of  lung  hemorrhage  In  dogs  Increase  respiratory  rate  at  20  to 
40  minutes  after  blast.  Severe  lung  hemorrhage  among  animals  causes  an  imme¬ 
diate  Increase  in  respiratory  rate  as  well  as  rapid  and  shallow  breathing.  An 
Increase  In  lung  weight  can  be  detected  In  cases  of  moderate  lung  hemorrhage. 
Severe  lung  hemorrhage  can  prove  t;  be  lethal  when  combined  with  exertion. 

Table  2.  Injury  levels  selected  for  the  lungs. 


Injury 

Lung 

Severity 

Hemorrhage 

None 

none 

Trivial 

petechial 

Slight 

ecchymotlc  or  small  light  spots 

Moderate 

small  Isolated  confluent  <30%  areas 

Severe 

large  confluent  30-60%  areas  extend¬ 
ing  deep  into  the  parenchyma 

Very  Severe 

entire  lobes  confluent  >60%  of  area 
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Table  3.  Long-duration  incident  blast  overpressure  required  to  produce  selected  lung  injury  levels  in  atan  prone  end-on  to  the  blast 
level . 


Table  3  summarizes  the  estimated  Incident  blast  overpressures  required  for 
the  selected  Injury  levels  In  man,  and  Includes  the  experimental  conditions 
Involved  during  the  animal  test  and  the  references  (12,  13,  15,  18,  20,  21, 
27,  28).  The  values  are  scaled  from  the  animal  data  and  are  applicable  to  man 
at  sea  level.  According  to  the  averages,  the  highest  overpressure  for  no  lung 
Injury  In  man  Is  just  over  10.3  psl.  Moderate  degrees  of  pulmonary  hemor¬ 
rhages  should  occur  at  about  29  psl.  An  Incident  pressure  of  14.4  psl  Is 
expected  to  cause  trivial  lung  hemorrhage  In  man  in  the  end-on  orientation.  A 
comparable  value  of  12  psl  Is  reported  (Ref.  2)  for  the  threshold  of  lung 
Injury  in  man  in  this  orientation;  the  authors  obtained  that  value  by  taking 
one  fifth  of  the  50%  lethal  dose  (P^q) .  The  14.4  psl  for  trivial  Injury 
reported  here  Is  more  in  agreement  with  the  one  of  15  psi  (Ref.  16)  arrived  at 
by  taking  one  fourth  of  the  P50. 

It  should  be  noted  that  there  Is  variation  In  the  severity  of  lung  hemor¬ 
rhages  within  groups  of  animals  receiving  the  same  blast  Intensity.  For 
Illustration,  Figure  19  shows  the  distribution  of  lung  weights  and  degree  of 
lung  hemorrhage  in  dogs  as  a  function  of  blast  overpressure.  The  figure  Is 
taken  from  Reference  15  with  the  pressure  values  scaled  to  man  at  sea  level. 
Experimenters  did  not  always  define  terms  like  "threshold”,  "slight",  "moder¬ 
ate"  and  "severe",  so  It  was  necessary  to  make  subjective  judgments  In  order 
to  assign  categories.  An  effort  was  made  to  keep  subjective  decisions  to  a 
minimum,  and  no  attempt  was  made  to  determine  pressure  values  or  Injury  levels 
between  groups. 

3.3.2  Gastrointestinal  Tract  Injury. 

Table  4  lists  the  injury  levels  selected  for  the  GI  tract.  The  same 
descriptors  as  those  for  the  lung  were  used.  Unfortunately,  Gl-tract  Injury 
received  little  attention  and  emphasis  in  the  reports  reviewed.  Like  the 
lung,  the  Gl-tract  injuries  reported  In  the  experimental  animal  studies  were 
graded,  and  the  corresponding  blast  values,  scaled  to  man  end-on  at  sea  level 
(Table  5).  In  general,  the  overpressure  levels  for  a  specified  Injury  In  the 
GI  tract  are  lower  than  for  the  lung.  The  highest  pressure  associated  with  no 
Injury  Is  7.0  psl,  which  compares  with  10.3  psl  for  the  lung.  Trivial  Injury 
occurs  at  8.4  psl,  compared  to  14.4  psl  for  the  lungs.  Moderate  Injury  Is 
predicted  at  23.6  psl,  compared  with  29.0  psl  for  the  lung. 
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Figure  19.  Degree  of  lung  hemorrhage  and  lung  weight  in  relation  to  the  incident  overpressure.  The 
lung  weights  are  from  dogs,  and  the  incident  overpressure  values  are  those  applicable  to 
man  end-on  to  a  long-duration  blast  at  sea  level. 


Table  4.  Injury  levels  selected  for  the  gastrointestinal  tract. 


Injury 

Severity 

GI  tract  Injury 

None 

none 

Trivial 

petechia  or  small  area  of  discoloration 

Slight 

small  areas  of  light  subserosal  contusions 

Moderate 

small  area  of  submucosal  contusions  with 
little  or  no  disruption  of  mucosal  layer 

Severe 

large  areas  of  submucosal  contusions  with 
disruption  of  mucosal  membrane  and  blood 
clots  extending  Into  lumen 

Very  Severe 

Disruption  of  mucosal  layer  with  hemorrhage 
Into  lumen  or  perforation  Into  abdominal 
cavity  and  rupture  of  solid  organs 

3.4  AIR  BLAST  INJURIES  INSIDE  FOXHOLES. 

The  shape  of  a  blast  wave  Is  altered  upon  entering  a  structure.  It  con¬ 
sists  of  an  initial  diffraction  phase  associated  with  the  entering  shock  front 
reflecting  from  the  inner  walls,  floor  and  celling.  These  reflections  or 
reverberations  are  superimposed  on  the  fill  phase,  a  relatively  slow-rising 
pressure.  Biologic  response  to  these  complex  wave  patterns  Is  different  from 
the  response  to  the  Ideal  or  classical  blast  wave.  A  greater  overpressure  Is 
required  to  produce  the  same  effect.  The  magnitude  of  the  diffraction  and 
fill  phases  depends  to  a  large  extent  on  the  structure’s  volume-to-entrance 
area  (V/A)  ratio.  Open  foxholes  having  V/A  ratios  on  the  order  of  4  to  5  feet 
have  the  peak  pressure  In  the  diffraction  phase  and  a  relatively  Insignificant 
fill  phase  (Fig. 20).  The  peak  reflected  pressure  Inside  the  foxhole  may  be 
several  times  that  of  the  incident  wave  on  the  surface.  However,  specific 
Injuries  resulting  from  pressures  that  rise  In  several  steps  (such  as  inside 
the  foxhole)  are  much  less  severe  than  those  from  Ideal  waves  or  reflected 
pressures  rising  in  a  single  step  having  the  same  peak  pressures.  Structures 
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having  large  V/A  ratios  of  several  hundred  feet,  such  as  civilian  structures 
and  shelters,  have  relatively  low  pressure  In  the  reflections  within  the 
diffraction  phase  and  maximum  pressure  In  the  fill  phase  (Fig.  21).  Displace¬ 
ment  of  personnel  In  line  with  openings  into  these  structures  constitutes  the 
worst  hazard  In  these  enclosures. 

Studies  with  animals  exposed  to  blast  In  model  and  full  scale  foxholes 
show  that  foxholes  side-on  to  the  blast  afford  more  protection  than  those  end 
on  to  the  blast.  Leaning  against  the  downstream  wall  or  lying  prone  In  the 
foxhole  are  the  worst  locations,  whereas  crouching  near  the  upstream  wall  Is 
the  best  location.  There  is  little  displacement  inside  the  foxhole  provided 
the  occupant’s  head  is  below  the  lip.  A  foxhole  shields  its  occupants  against 
the  dynamic  pressure  component  of  the  blast  wave  that  would  be  experienced  on 
the  surface. 

3.4.1  Lung  Injury 

Incident  blast  pressures  required  to  produce  graded  levels  of  lung  hemor¬ 
rhage  for  men  In  foxholes  are  estimated  specifically  for  man  crouching  in  the 
US  Army  standard  open  two-man  foxhole,  oriented  side-on  to  long-duration 
blasts  at  sea  level.  Estimates  are  based  on  results  from  experiments  where 
large  animals  were  exposed  to  blast  while  In  the  standard  foxhole  (or  Its 
equivalent)  oriented  side-on  to  the  blast  (Ref.  14,  17,  22,  26).  The  degrees 
of  lung  hemorrhages  selected  are  the  same  as  those  chosen  for  man  In  the  open; 
trivial,  slight,  moderate,  severe  and  very  severe.  Incident  overpressures 
associated  with  these  lung  Injury  levels  found  In  animals  are  scaled  to  man  at 
sea  level  and  for  long-duration  blast  waves.  The  one  exception  is  In  connec¬ 
tion  with  the  one-ton  shot,  where  the  durations  of  12  ms  to  18  ms  apparently 
are  too  short  for  the  scaling  method  to  apply.  Consequently,  the  Incident 
pressures  obtained  on  the  one-ton  shot  are  divided  by  the  ratio  of  the  pres¬ 
sure  value  for  50%  combat  Ineffectiveness  (at  14  ms)  with  the  one  for  200-ms 
duration  shown  in  Figure  5  of  Reference  22. 

As  seen  In  Table  6,  incident  waves  of  7.6  psl  would  not  be  expected  to 
produce  lung  hemorrhages  for  man  Inside  the  two-man  foxhole.  Mean  value  of 
14.6  psl  would  cause  slight  lung  hemorrhages,  and  19.9  psl  would  produce 
moderate  lung  hemorrhages.  Severe  lung  injury  would  occur  at  incident  pres¬ 
sures  of  30  psl,  and  very  severe,  at  35  psl,  which  Is  near  the  one  percent 
mortality  value. 
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Data  from  Ref.  17 

Figure  20.  Pressure-time  patterns  measured  on  the  side-wall  (record  2), 

downstream  wall  (record  3),  and  Incident  (record  1)  to  a  two-man 
foxhole  oriented  end-on  to  the  blast  from  a  500  ton  TNT  charge. 


0  60  100  150  200  250  300  350 


TIME,  m* 

Data  from  Operation  Plumbob 

Figure  21.  Pressure-time  patterns  measured  Inside  an  underground  shelter 

having  two  12  X  12  X  8  ft  rooms.  One  room  filled  through  a  3  X  6 
ft  door  (record  3)  and  th'  other,  through  a  3  ft  diameter  escape 
hatch  (record  8).  The  Incident  wave  (record  1)  was  from  a  10- kt 
nuclear  detonation. 
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Table  5.  Long-duration  incident  blast  overpressure  required  to  produce  selected  gastrointestinal  tract  injury  levels  in  nan,  prone, 
to  the  blast  at  sea  level. 
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US  Aray  standard  two -van  foxhole  oriented  side-on  to  the  blast  foxhole  neasures  2ft  x  6ft  x  4.5  ft  deep 


Some  estimates  of  the  Incident  pressures  required  for  lung  Injury  In  man 
In  foxholes  date  back  to  1971  (Ref.  18).  They  are  based  on  model  experiments 
wherein  rats  are  exposed  to  blast  in  one  seventh  scale  foxholes  and  from  step* 

■  \  i 

loading  experiments  using  a  nurobei  of  animal  species.  It  Is  reported  that  no 
lung  Injury  occurs  at  9.8  psl,  there  Is  a  low  probability  of  slight  lung 
Injury  at  12.3  psl  and  a  high  probability  of  slight  lung  Injury  at  about  15.9 
psi.  These  results  are  In  agreement  with  the  results  reported  In  the  present 
study. 

3.4.2  Gastrointestinal  Tract  Injury. 

There  Is  Insufficient  Information  In  the  reports  on  animal  testing  to 
estimate  the  extent  of  GI  tract  Injury  for  man  In  foxholes.  One  set  of  esti¬ 
mates  can  be  made  by  lowering  the  Incident  overpressures  required  to  cause 
lung  Injury  In  man  In  foxholes  (Table  7)  because,  on  the  average,  the  over¬ 
pressures  required  to  cause  GI  tract  Injury  by  24.1%  for  man  In  the  open 
(Table  5)  are  24.1%  lower  than  those  for  lung  Injury  (Table  3).  This  set  of 
estimates  considers  the  fact  that  the  animals  tested  In  foxholes  are  exposed 
to  reflected  pressures  that  rise  In  several  steps. 

Another  set  of  more  conservative  estimates  of  overpressures  for  lung  and 
GI  tract  Injuries  within  a  foxhole  assumes  that  the  reflected  pressures  rise 
In  a  single  step  (Table  8).  The  peak  reflected  pressures  for  each  Injury’s 
severity  are  of  the  same  magnitude  as  the  Incident  pressures  for  man  end-on  in 
the  open  (Table  3).  The  corresponding  Incident  pressures  applicable  to  the 
foxhole  are  taken  from  Figure  C-47  (U),  page  C-72  of  the  US  Army  Personnel 
Risk  and  Casualty  Criteria  (PRCC),  a  curve  relating  the  peak  reflected  pres¬ 
sure  measured  on  the  downstream  wall  of  the  foxhole,  side-on  to  the  Incident 
wave.  The  log  of  the  reflected  pressure  Inside  the  foxhole  Is  equal  to  0.53144 
plus  0.8616  times  the  log  of  the  Incident  pressure. 

The  Incident  overpressures  obtained  by  this  method  (Table  8)  are  consider¬ 
ably  lower  than  those  In  Table  7  because  of  the  Increased  biologic  tolerance 
to  step-rising  reflected  waves. 


Table  7.  The  Incident  blast  ovepressures  required  to  produce  lung  and  61 

tract  Injuries  In  man  located  Inside  an  open  foxhole,  (multiple  step 
rising  reflected  wave) 


Severity  of 

Injury 

Incident  Overpressure,  psl 

Lung  Injury  61  tract  Injury 

None 

7.6 

5.8 

Trivial 

11.0 

9.4 

Slight 

14.6 

12.5 

Moderate 

19.9 

17.1 

Severe 

29.3 

25.2 

Very  Severe 

34.4 

29.5 

Applicable  to  man  crouching  Inside  a  two-man  foxhole  oriented  side-on  to  the 
blast.  The  foxhole  measures  2  X  6  X  4.5  ft  deep.  The  Incident  overpressures 
for  GI  Tract  Injury  are  24.1%  lower  than  those  for  lung  Injury. 


Table  8.  Estimated  long-duration  blast  levels  required  to  produce  lung  and 
gastrointestinal  tract  Injuries  In  man  located  Inside  an  open 
foxhole.  a(s1ngle  step-rising  reflected  wave) 


Injury  Level 

Lung  Injury 
Overpressure,  psl 

Incident  Reflected 
Outside6  Inside0 

61 -Tract  Injury 
Overpressure,  psl 
Incident  Reflected 

Outside6  Inside0 

None 

3.6 

10.3 

2.3 

7.0 

Trivial 

5.3 

14.4 

2.9 

8.4 

Slight 

7.5 

19.2 

5.2 

14.0 

Moderate 

12.0 

29.0 

9.5 

23.6 

Severe 

15.3 

34.3 

12.2 

29.4 

Very  Severe 

18.5 

42.0 

16.2 

37.4 

?0pen  two-man  foxhole  2  X  6  X  4.5  ft  deep,  side-on  to  blast. 

°The  Incident  pressures  associated  with  the  reflected  pressures  are  from  the 
PRCC  Figure  C-47  (U)  page  C-72. 

Reflected  pressures  are  equal  to  the  incident  pressures  required  to  produce 
the  corresponding  Injury  levels  for  man  prone  end-on  to  the  blast  In  the  open. 
Reflected  pressure  Is  measured  on  the  downstream  wall  of  the  foxhole. 
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SECTION  4 
CONCLUSIONS 


The  direct  blast  damage  mechanism  affects  the  three  organ  systems  that 
contain  air  or  gas.  Injuries  are  hemorrhagic  In  nature,  affecting  only  inter¬ 
nal  organs.  There  are  few  If  any  external  signs  of  Injury. 

Respiratory  system  --  Typical  lesions  are  pulmonary  hemorrhage  and  contu¬ 
sions  lining  the  air  ways  Including  the  trachea,  larynx  and  sinuses.  Coronary 
and  cerebral  air  embolism  arising  from  the  disrupted  alveoli  In  the  lung  are 
the  cause  of  early  deaths. 

Gastrointestinal  system  --  Injuries  range  from  light  contusions  of  the 
serosal  membrane,  submucosal  contusions,  with  or  without  disruption  of  the 
mucosal  membrane  and  hemorrhage  Into  the  lumen,  to  perforations  Into  the 
abdominal  cavity. 

Solid  organs  (heart,  liver,  spleen  and  kidneys)  In  contact  with  the  gas- 
containing  portions  of  these  systems  may  become  damaged. 

Auditory  system  --  ear  drum  rupture  may  consist  of  small  perforations  or 
complete  destruction  of  the  tympanic  membrane,  with  displacement  or  fracture 
of  the  ossicular  chain.  Relatively  low  blasts  may  damage  the  hair  cells  of  the 
Inner  ear  resulting  In  a  temporary  or  permanent  hearing  loss. 

Blast  criteria  are  stated  In  terms  of  the  peak  Incident  overpressure,  for 
personnel  In  the  open,  foxholes  and  field  fortifications.  Other  blast  wave 
parameters  considered  In  establishing  the  criteria  are  the  dynamic  pressure 
(blast  wind),  overpressure  duration,  and  reflected  pressure. 

The  blast  response  of  over  300  large  animals  (sheep,  swine  and  dogs)  In 
terms  of  the  peak  overpressures  and  corresponding  Injuries  were  scaled  to 
man  at  sea  level.  The  peak  Incident  overpressures  expected  to  produce  selected 
lung  and  gastrointestinal  Injuries  In  man  exposed  to  long-duration  blast 
waves  while  prone  end- on  and  while  crouching  Inside  a  two-man  open  foxhole 
have  been  calculated  and  are  summarized  In  the  following  tables  9,  10  and  11. 
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Table  9.  Summary  of  long-duration  blast  levels  (free  air)  required  to 
produce  selected  lung  and  gastrointestinal  tract  Injuries  In 
man  prone,  end-on  at  sea  level. 


Severity  of  Incident  Overpressure,  psl 


Injury 

Lung 

GI  tract 

None 

10.3 

7.0 

Trivial 

14.4 

8.4 

Slight 

19.2 

14.0 

Moderate 

29.0 

23.6 

Severe 

34.3 

29.4 

Very  Severe 

42.0 

37.4 

The  Incident  overpressures  measured  by  a  transducer  oriented  side-on  to 
the  blast  represents  the  effective  pressure  applicable  to  man  end-on  to  the 
blast.  For  personnel  standing  or  prone,  long  axis  perpendicular  to  the  blast, 
the  dynamic  pressure  has  to  be  added  to  the  side-on  pressure  to  obtain  the 
effective  pressure.  If  Individuals  are  against  or  near  a  reflecting  surface, 
the  peak  reflected  pressure  becomes  the  effective  pressure,  but  the  required 
dose  Is  still  expressed  In  terms  of  the  co  responding  Incident  pressure. 


Table  10.  Summary  of  the  Incident  long-duration  blasts  required  to  produce 
lung  and  GI  tract  Injuries  among  personnel  Inside  foxhole,  (re¬ 
flected  pressure  inside  foxhole  rises  In  multiple  steps) 


Severity  of 

Incident  Overpressure,  psl 

Injury 

Lung  Injury 

GI  Tract  Injury 

None 

7.6 

5.8 

Trivial 

11.0 

9.4 

Slight 

14.6 

12.5 

Moderate 

19.9 

17.1 

Severe 

29.3 

25.2 

Very  Severe 

34.4 

29.5 

Applicable  to  man  crouching  Inside  a  two-man  foxhole  oriented  side-on  to  the 
blast.  The  foxhole  measures  2  X  6  X  4.5  ft  deep.  The  Incident  overpressures 
for  GI  Tract  Injury  are  24.1%  lower  than  those  for  lung  Injury. 
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Table  11.  Summary  of  the  long  duration  Incident  overpressures  required  to 
produce  lung  Injury  and  GI  tract  Injury  among  personnel  Inside 
foxholes,  (reflected  pressure  Inside  the  foxhole  rises  In  a  single 
step) 


Severity  of 

Injury 

Incident  Overpressure,  psl 

Lung  Injury  61  Tract  Injury 

None 

3.6 

2.3 

Trivial 

S.3 

2.9 

Slight 

7.5 

5.2 

Moderate 

12.0 

9.5 

Severe 

15.3 

12.2 

Very  Severe 

18.5 

16.2 

Applicable  to  man  crouching 
blast.  The  foxhole  measures 

Inside  a  two -man  foxhole 
2  X  6  X  4.5  ft  deep. 

oriented  side-on  to 

43 


SECTION  5  -----  ^ 

LIST  OF  REFERENCES 

1.  Benzlnger,  Theodor.  "Physiological  Effects  of  Blast  In  Air  and  Water", 
Chap.  14-B  In  German  Aviation  Medicine.  World  War  II.  Vol.  2,  pp.  1225- 
1259,  U.S.  Government  Printing  Office,  Washington,  D.C.,  1950. 

2.  Bowen,  I.G.,  Fletcher,  E.R.  and  Richmond,  D.R.,  "Estimates  of  Nan’s 
Tolerance  to  the  Direct  Effects  of  Air  Blast",  Technical  Progress 
Report,  DASA-2113,  Defense  Atomic  Support  Agency,  Washington,  D.C., 
October  1968. 

3.  Clemedson,  C.  J.  "An  Experimental  Study  on  Air  Blast  Injuries",  Acta 
Physiol,  Scand.,  18  Supplement  61:  1-200,  1949. 

4.  Clemedson,  C.  J.  "Respiration  and  Pulmonary  Gas  Exchange  In  Blast 
Injury",  Appl .  Physiol,  6:  213-220,  1953. 

5.  Clemedson,  C.  J.  "Blast  Injury",  Physiol .  Rev..  336-354,  1956. 

6.  Cooper  G.  J.,  Pearce  B.  P.,  Cater  S.  R.,  and  Kenward  C.  E.  "Augmenta¬ 
tion  by  foam  materials  of  lung  Injury  produced  by  blast  waves  -  the 
role  of  stress  waves  In  thoracic  visceral  Injury  at  high  rates  of 
energy  transferlng",  Proc.  1RC0BI,  Stockholm,  Sweden.  (1989) 

7.  Corey,  E.  L.  "Medical  Aspects  of  Blast",  U.S.  Naval  Med.  Bull.  46(51. 
pp.  623-652,  1946. 

8-  Desaga,  H.  "Blast  Injuries",  Chap.  14-D  In  German  Aviation  Medicine,. 
World  War  II.  Vol.  2,  pp.  1274-1293,  U.S.  Government  Printing  Office, 
Washington,  D.C.,  1950. 

9.  Fisher,  R.  B.,  Krohn,  P.  L.  and  Zuckerman,  S.  "The  relationship  be¬ 
tween  body  size  and  the  lethal  effects  of  blast",  Ministry  of  Home 
Security  Report  B.P.C.  1941  W.S.  11,  Oxford  University,  England.  1941a 

10.  Froboese,  M.  and  Wunsche  0.,  "Todllchkeltsgrenzen  fur  Alblno-Ratten  bel 
Luftstossbelastung  In  Abhamglgkelt  von  der  Strossrlchtung  und  Druckver- 
lafsform",  Rapport  Berlcht,  Band  I:  Text,  2/59,  French-German  Research 
Institute  of  Saint-Louis,  France,  June  30,  1959. 

11.  Hooker,  D.  R.,  "Physiological  Effects  of  Air  Concussion",  Amer.  J. 

Physiol.,  67:  219-274,  1924. 


44 


12.  Phillips,  Y.Y.,  Mundle,  T.G.,  Yelverton,  J.  T.  and  D.R,  Richmond, 

"Cloth  Ballistic  Vest  Response  to  Blast",  presented  at  the  FI fth  Inter 

Mtlanal _ Wound  Ballistics  Symposium.  11-14  June  J985,  Gothenburg. 

Stt&den.,. 

13.  Pratt,  O.E.,  Chlffelle,  T.L.,  Damon,  E.G.  and  Richmond,  O.R.,  "Thresh¬ 

old  lung  Injury  In  Goats  from  a  $00- Ton  Explosion  (4.4)",  In  Svmposulm 
Proceed 1  nos :  Qperat Ion  Snow  Bal 1 .  pp.  440-453,  DASA  Data  Center  Spe¬ 

cial  Report  34  (DASA-1642-1) ,  Santa  Barbara,  California,  August  1965. 

14.  Richmond,  D.R.,  "Notes  on  the  Canadian  Biomedical  Experiments  Carried 
Out  In  Conjunction  with  the  100-Ton  Explosion  at  Suffleld  Experimental 
Station  near  Raison,  Alberta,  Canada",  Formal  Progress  Report  DASA* 
1261,  Defense  Atomic  Support  Agency,  Department  of  Defense,  Washington, 
D.C. ,  October  10,  1961.  (0U0) 

15.  Richmond,  D.R.,  Damon,  E.G.,  Bowen,  I.G.  et  al,  "Air-Blast  Studies  with 
Eight  Species  of  Mammals",  Technical  Progress  Report  No.  DASA-1854, 
Defense  Atomic  Support  Agency,  Department  of  Defense,  Washington,  D.C., 
August  1966. 

16.  Richmond,  D.R.,  Damon,  E.G.,  Fletcher,  E.R.  et  al,  "The  Relationship 
Between  Selected  Blast  Wave  Parameters  and  the  Response  of  Mammals 
Exposed  to  Air  Blast",  Technical  Progress  Report,  DASA- 1860,  Defense 
Atomic  Support  Agency,  Department  of  Defense,  Washington,  D.C.,  Novem¬ 
ber  1966. 

17.  Richmond,  D.R.,  Fletcher,  E.R.,  Jones,  R.K.,  "The  Effects  of  Air  Blast 
on  Sheep  In  Two-Man  Foxholes",  Technical  Progress  Report,  DASA-2711 
(P0R  IN401 -Prairie  Flat),  Defense  Nuclear  Agency,  Department  of  De¬ 
fense,  Washington,  DC,  June  1,  1971. 

18.  Richmond,  D.R.,  "Blast  Effects  Inside  Structures",  In  Problems  des 

Baullchen  Schutzes  (Proceedings;  Kollooulm  des  Fauchausschusses  1  der 
Schutzkommlsslon  belum  Bundemlnlsterlum  des  Inner.  Weil/Rhel.  June  15- 
16.  1971.  pp.  9-36,  Ernst-Mach-Instltuts,  Aussenstelle  Well,  Germany, 

November  6,  1571. 

19.  Richmond,  D.R.,  "Methods  Used  Developing  Direct  Blast  Criteria  for  50- 
Percent  Combat  Ineffectiveness  of  Troops  In  Foxholes",  Incorporated  In 
Appendix  C,  "Personnel  Risk  and  Casualty  Criteria  for  Nuclear  Weapons 
Effects",  US  Army  Nuc.  and  Chem  Agency,  January  1988. 

20.  Richmond,  D.R.,  Yeverton,  J.T.  and  Fletcher,  E.R.,  "The  Biological 
Effects  of  Repeated  Blasts",  Topical  Report  DNA5842F,  Defense  Nuclear 
Agency,  Washington,  DC,  April  30,  1981. 


45 


21.  Richmond,  O.R.,  Yelverton,  J.T.,  Fletcher,  E.R.  et  al,  "Damage-Risk 
Criteria  for  Personnel  Exposed  to  Repeated  Blasts*,  In  Minutes  of  the 

TwentJeth  Explosive . Safety  Seminar  Safety  Seminar.  Norfolk.  VA,  24-26 

August  1982.  Vol .  II,  pp.  1489-1512,  Department  of  Defense  Explosives 
Safety  Board,  Alexandria,  VA. 

22.  Richmond,  O.R.,  Yelverton,  J.T.  and  Fletcher,  E.R.,  "New  Air-blast 
Criteria  for  Man,:  pp.  893-908,  Vol.  I,  In  Proceedings  Twenty-Second 
Explosive  Safety  Seminar.  26-28  August  1986" ,  Department  of  Defense 
Explosive  Safety  Board,  Alexandria,  Va. 

23.  Rossle,  R.  "Pathology  of  Blast  Effects",  Chap.  14-C  In  German  Aviation 
Medicine.  World  War  II.  Vol.  2,  pp.  1260-1273,  U.S.  Government  Printing 
Office,  Washington,  D.C.,  1950. 

24.  Rusca,  F.,  "Experlmentelle  Untersuchungen  ueber  die  traumatlsche 

Druckwlrkung  der  Exploslonen",  Zletschr.  Chlr.  132:  315-374,  1915. 

25.  Schardln,  H.  "The  Physical  Principles  of  the  Effects  of  a  Detonation", 
Chap.  14-A  In  German  Aviation  Medicine, -World  War  LI.  Vol.  2,  pp.  1207- 
1224,  U.S.  Government  Printing  Office,  Washington,  D.C.,  1950. 

26.  Talbot,  J.M.  and  Malpln,  C.S.,  "Blast  Injuries  In  Foxholes",  Operation 
Greenhouse  WT-8,  Sandla  Corporation,  Albuquerque,  NM,  December  1951. 

27.  Vassout,  P.,  Dancer,  A.,  Richmond,  D.  and  Phillips,  Y.,  "Biological 
Effects  of  Strong  Shock  Waves:  Influence  of  the  Pulse  Duration  In 
Repeated  Exposures",  Note  S-N  911/84,  Institute  Saint-Louis,  Saint- 
Louis,  France,  June  26,  1984. 

28.  Vassout,  P.,  Parmentler,  G.  and  Dancer,  A.,  "Study  of  the  Effects  of  a 
Strong  Shock  Wave  on  the  Pig.  Impact  of  the  Number  of  Exposures", 
Institute  Franco-All emand  de  Recherches  de  Saint-Louis  (ISL-S-R- 
904/81),  Jan.  1981. 

29.  Wang,  Z.  G.,  "Research  on  blast  Injury  In  China",  Presented  at  Sixth 
International  Wound  Ballistics  Symposium,  Chongqing,  PRC,  November 
1988. 

30.  Zuckerman,  S.  "Experimental  Study  of  Blast  Injuries  to  the  Lungs”, 
Lancet.  2:  219-224,  1940. 


46 


DISTRIBUTION  LIST 

DNA-TR-90-212 


DEPARTMENT  Of  DEFENSE 

ARMED  FORCES  RADIOBIOLOGY  RSCH  INST 

ATTN:  DEPT  OF  RADIATION  BIOCHEMISTRY 

ATTN:  BHS 

ATTN:  DIRECTOR 

ATTN:  EXH 

ATTN:  MRA 

ATTN:  PHY 

ATTN:  RSD 

ATTN:  SCIENTIFIC  DIRECTOR 
ATTN:  TECHNICAL  LIBRARY 

ASSISTANT  SEC  OF  DEF  (C3I) 

ATTN:  OIR  S&TNFC3 

ASSISTANT  TO  THE  SECRETARY  OF  DEFENSE 
ATTN:  EXECUTIVE  ASSISTANT 
ATTN:  MILAPPL 
ATTN:  MIL  APPLC  FIELD 

DEFENSE  INTELLIGENCE  AGENCY 
ATTN:  DB 

5  CYS  ATTN:  DB-4  RSCH  RESOURCES  DIV 
ATTN:  DB  5C 
ATTN:  OB-6B 
ATTN:  OIA/VPA-2 
ATTN:  ON 
ATTN.  OT 

ATTN:  OFFICE  OF  SECURITY 
ATTN:  OS 
ATTN:  RTS-2B 

DEFENSE  INTELLIGENCE  COLLEGE 
ATTN:  DIC/RTS-2 
ATTN:  OIC/2C 

DEFENSE  LOGISTICS  AGENCY 

ATTN:  COMMAND  SECURITY  OFC 

DEFENSE  NUCLEAR  AGENCY 
ATTN:  DFRA 
ATTN:  NANF 
ATTN:  NASF 
ATTN:  OPNA 
ATTN:  OPNS 

10  CYS  ATTN:  RARP 
2  CYS  ATTN:  TITL 

DEFENSE  NUCLEAR  AGENCY 
ATTN:  TDNM 

2  CYS  ATTN  TDTTWSUMMA 

DEFENSE  TECHNICAL  INFORMATION  CENTER 
2  CYS  ATTN:  DTIC/FDAB 

FIELD  COMMANO  DEFENSE  NUCLEAR  AGENCY 
ATTN:  FCPR 
3 CYS  ATTN:  FCPRT 

ATTN:  NUC  SECURITY 


INTELLIGENCE  CENrER,  PACIFIC 
.  .  ATTN:  COMIPAC  ; 

INTERSERVICE  NUCLEAR  WEAPONS  SCHOOL 
ATTN:  TTV 

2  CYS  ATTN:  TTV  3416TH  TTSQ 

JOINT  DATA  SYSTEM  SUPPORT  CTR 
ATTN:  C-332 
ATTN:  JNSV 

NATIONAL  DEFENSE  UNIVERSITY 
ATTN:  ICAF 
ATTN:  NWCLB-CR 
ATTN:  LIBRARY 

ATTN:  STRAT  CONCEPTS  DIV  CTR 

NET  ASSESSMENT 

ATTN:  DOCUMENT  CONTROL 

PROGRAM  ANALYSIS  &  EVALUATION 
ATTN:  NAVAL  FORCES 
ATTN:  STRATEGIC  PROGRAMS  4  TNF 

STRATEGIC  AND  THEATER  NUCLEAR  FORCES 
ATTN:  DRESEVIN 
ATTN:  DRSCHNEITER 

THE  JOINT  STAFF 

ATTN:  JKC  ATTN  DNA  REP 
ATTN:  JLT 
ATTN:  JP 
ATTN:  JPEP 

THE  JOINT  STAFF 

ATTN:  ED30J-3  STRATEGIC  OPS  DIV 
ATTN:  J-3  SPECIAL  OPERATIONS 
ATTN:  J-8 
ATTN:  JAD/SFD 
ATTN:  JSOA 

U  S  EUROPEAN  COMMAND/ECJ-6-DT 
ATTN:  ECJ-6 

U  S  EUROPEAN  COMM  A  ND/ECJ2-T 
ATTN:  ECJ2-T  TGTS  DIV 

U  S  EUROPEAN  COMMAND/ECJ3CCD 
ATTN:  ECJ-3 

U  S  EUROPEAN  COMMAND/ECJ4-LW 
ATTN:  ECJ4-LW 

U  S  EUROPEAN  COMMAND/ECJ5-N 
ATTN:  ECJ5  N  NUC  BRANCH 

U  S  EUROPEAN  COMMAND/ECJ7/LW 
ATTN:  ECJ-7LW 

UNDER  SEC  OF  DEFENSE  FOR  POLICY 
ATTN:  DUSP/P 
ATTN:  USD/P 


DisM 


DNA-TR-BO-lll  (DC  CONTINUED) 


DEPARTMENT  OF  THE  ARMY 

DEP  CH  OF  STAFF  FOR  OPS  &  PLANS 
ATTN:  DAMO-FDQ 
ATTN:  DAMO-SWN 
ATTN:  DAMO-ZXA 

HARRY  DIAMOND  LABORATORIES 
ATTN:  SLCIS-IM  TL  81100 

JOINT  SPECIAL  OPERATIONS  COMMAND 
ATTN:  J-2 
ATTN:  J-5 

U  S  ARMY  AIR  DEFENSE  ARTILLERY  SCHOOL 
ATTN:  COMMANDANT 

U  S  ARMY  ARMAMENT  RSCH  DEV  &  ENGR  CTR 
ATTN:  DRDAR-LCN-F 

US  ARMY  ARMOR  SCHOOL 
ATTN:  ATSB-CTD 
ATTN:  TECH  LIBRARY 

U  S  ARMY  BALLISTIC  RESEARCH  LAB 
ATTN:  SLCBR-D 
ATTN:  SLCBR-DD 
ATTN:  SLCBR-TB 
ATTN:  SLCBR-VL-I  DR  KLOPCIC 
ATTN:  SLCBR-VL-V 

U  S  ARMY  COMD  &  GENERAL  STAFF  COLLEGE 
ATTN:  ATZL-SWJ-CA 
ATTN:  ATZL-SWT-A 

U  S  ARMY  CONCEPTS  ANALYSIS  AGENCY 
ATTN:  TECHNICAL  LIBRARY 

U  S  ARMY  FIELD  ARTILLERY  SCHOOL 
ATTN:  ATSF-CD 

U  S  ARMY  FORCES  COMMAND 
ATTN:  AF-OPTS 

U  S  ARMY  INFANTRY  CENTER 
ATTN:  ATSH  CD-CSO 

US  ARMY  ITAC 

ATTN:  I  AX-2 

U  S  ARMY  LABORATORY  COMMAND 
ATTN:  DIRECTOR 
ATTN:  DR  D  HODGE 

U  S  ARMY  MATERIEL  COMMAND 
ATTN:  DRCDE-D 
ATTN:  DRCSS 

U  S  ARMY  NUCLEAR  &  CHEMICAL  AGENCY 
ATTN:  MONA-NU 
ATTN:  MONA-NU  D  BASH 

US  ARMY  WAR  COLLEGE 
ATTN.  LIBRARY 

ATTN:  STRATEGIC  STUDIES  INSTITUTE 


US  MILITARY  ACADEMY 

ATTN:  BEHAVORIAL  SCI  &  LEADERSHIP 
ATTN:  DEPT  OF  PHYSICS  COL  J  G  CAMPBELL 
ATTN:  SCIENCE  RESEARCH  LAB 

US  ARMY  MATERIEL  SYS  ANALYSIS  ACTVY 
ATTN:  DRXSY-DS 

USA  SURVIVABILITY  MANAGMENT  OFFICE 
ATTN:  SLCSM-SE  J  BRAND 

USACACDA 

ATTN:  ATZL-CAD-N 

DEPARTMENT  OF  THE  NAVY 

MARINE  CORPS 

ATTN:  CODEPPO 
ATTN:  PSIG/RASP 

NAVAL  OCEAN  SYSTEMS  CENTER 
ATTN:  CODE  9642-B 

NAVAL  PERSONNa  RES  &  DEV  CENTER 
ATTN:  CODE  P302 

NAVAL  POSTGRADUATE  SCHOOL 

ATTN:  CODE  1424  LIBRARY 

NAVAL  RESEARCH  LABORATORY 
ATTN:  CODE  1240 
ATTN:  CODE  2627 

NAVAL  SEA  SYSTEMS  COMMAND 
ATTN:  PMS-423 
ATTN:  SEA-06GN 

NAVAL  SURFACE  WARFARE  CENTER 
ATTN:  CODE  F-31 
ATTN:  GGOO 

NAVAL  TECHNICAL  INTELLIGENCE  CTR 
ATTN:  NTIC-DA30 

NAVAL  WAR  COLLEGE 

ATTN:  CODE  E  ll  TECH  SVC 
ATTN:  CTR  FOR  NAV  WARFARE  STUDIES 
ATTN:  DOCUMENT  CONTROL 
ATTN:  LIBRARY 
ATTN:  STRATEGY  DEPT 

NAVAL  WEAPONS  EVALUATION  FACILITY 
ATTN:  CLASSIFIED  LIBRARY 

NUCLEAR  WEAPONS  TNG  GROUP,  ATLANTIC 
ATTN:  CODE  222 
ATTN:  DOCUMENT  CONTROL 

NUCLEAR  WEAPONS  TNG  GROUP,  PACIFIC 
ATTN:  CODE  32 


Dist-2 


DNA-TR-SMll  <DL  C0NTWU1D) 


OFFICE  OF  CHIEF  OF  NAVAL  OPERATIONS 
ATTN:  NIS-22 
ATTN:  N0P06D 
2  CYS  ATTN:  NOP  403 

ATTN:  NOP  50  AVN  PINS  &  RQMNTS  OEV 

ATTN:  NOP  60 

AnN:  NOP  600 

ATTN:  NOP  603 

ATTN:  NOP  91 

ATTN:  OP  654  STRAT  EVAL  &  ANAL  8R 

OPERATIONAL  TEST  &  EVALUATION  FORCE 
ATTN:  COMMANDER 

PLANS,  POLICY  &  OPERATIONS 
ATTN:  CODE-P 
ATTN:  CODE-POC-30 

TACTICAL  TRAINING  GROUP.  PACIFIC 
ATTN:  COMMANDER 

DEPARTMENT  OF  THE  AIR  FORCE 

ACADEMY  LIBRARY  DFSELD 
ATTN:  LIBRARY 

AFIS/INT 

ATTN:  iNT 

AIR  UNIVERSITY  LIBRARY 
ATTN:  AUL-LSE 
AnN:  LIBRARY 

ASSISTANT  CHIEF  OF  STAFF 
2  CYS  ATTN:  AF/SAMI 

ASSISTANT  CHIEF  OF  THE  AIR  FORCE 

RSCH,  OEV  &  LOGISTICS 
ATTN:  SAF/ALR 

DEPUTY  CHIEF  OF  STAFF/XOX 
ATTN:  AFXOOSS 

FOREIGN  TECHNOLOGY  DIVISION 
AnN:  CCN 
AnN:  SDA 

PHILLIPS  LABORATORY 
AnN:  NTCA 

STRATEGIC  AIR  COMMAND/ADWN 
AnN:  ADWN 

STRATEGIC  AIR  COMMAND/SPD 
AnN:  SPD 

STRATEGIC  AIR  COMMAND/STIC 
AnN:  544SIW/DI 

STRATEGIC  AIR  COMMANO/XOXO 
AnN:  XOXO 

STRATEGIC  AIR  COMMAND/XPX 
AnN:  XPZ 


STRATEGIC  AIR  COMMAND/XRFS 
ATTN:  XRFS 

TACTICAL  AIR  COMMAND/XPSC 
ATTN:  TAC/OOA 

USAF  SCHOOL  OF  AEROSPACE  MEDICINE 
ATTN:  RADIATION  SCIENCES  DIV 

DEPARTMENT  OP  ENERGY 

LAWRENCE  LIVERMORE  NATIONAL  LAB 
AnN:  Z  DIVISION  LIBRARY 

LOS  ALAMOS  NATIONAL  LABORATORY 
AnN:  REPORT  LIBRARY 
AnN:  TDOWLER 

SANDIA  NATIONAL  LABORATORIES 
AnN:  DIV  9013  W  LING 
AnN:  TECH  LIB  3141 

OTHER  GOVERNMENT 

FEDERAL  BUREAU  OF  INVEST  ACADEMY 
AnN:  BEHAVIORAL  RSCH  UNIT 
AnN:  LIBRARY 

FEDERAL  EMERGENCY  MANAGEMENT  AGENCY 
AnN:  ASST  ASSOC  DIR  FOR  RSCH 
AnN:  CIVIL  SECURin  DIVISION 
AnN:  G  ORRELL  NP-CP 
AnN:  OFC  OF  CIVIL  DEFENSE  J  F  JACOBS 

US  DEPARTMENT  OF  STArE 
AnN:  PM/STM 

U  S  NUCLEAR  REGULATORY  COMMISSION 
AnN:  DIR  DIV  OF  SAFEGUARDS 
AnN:  SYANIV 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 

KAMAN  SCIENCES  CORP 
AnN:  DMOFFEn 
AnN:  DASIAC 
AnN:  E  CONRAD 

KAMAN  SCIENCES  CORPORATION 
AnN:  DASIAC 

PACIFIC-SIERRA  RESEARCH  CORP 
2  CYS  AnN:  GANNO 
AnN:  HBRODE 

PACIFIC-SIERRA  RESEARCH  CORP 
AnN:  D  GORMLEY 
2  CYS  AnN:  G  MCCLELLAN 

R  &  D  ASSOCIATES 
2  CYS  AnN:  DOCUMENT  CONTROL 


Dist-3 


ONA-TR-MUlt  <OL  CONTINUED) 


SCIENCE  APPLICATIONS  INTI  CORP 

SCIENCE  APPLICATIONS  INTL  CORP 

ATTN:  DOCUMENT  CONTROL 

ATTN:  ESWICK 

ATTN:  RCRAVER 

ATTN:  J  MARTIN 

SCIENCE  APPLICATIONS  INTL  CORP 

ATTN:  LHUNT 

ATTN:  R  J  BEYSTER 

ATTN:  JOHN  A  SHANNON 

SYSTEMS  RESEARCH  &  APPLICATION  CORP 

SCIENCE  APPLICATIONS  INTL  CORP 

ATTN:  R  STEELE 

ATTN:  8  BENNETT 

ATTN:  DOCUMENT  CONTROL 

ATTN:  SGREENSTQN 

ATTN:  J  POSTER 

TECHNICO  SOUTHWEST  INC 

ATTN:  J  PETERS 

4CYS  ATTN:  OR  RICHMOND 

ATTN:  LGOURE 

4CYS  ATTN:  E  DAMON 

ATTN:  WLAYSON 

4CYS  ATTN:  SJBAUM 

10CYS  ATTN:  FACILITY  SECURITY  OFFICER 

Dist-4 


